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ABSTRACT 


The modeling of a digital communication system using complex spreading multiple- 
input-multiple-output (MIMO) signal with orthogonal covering is discussed in this thesis. 
Specifically, we examine the MIMO signal that employs fixed and variable length 
orthogonal covering for both multiuser and multi-rate channels. The approach uses a 
discrete time formulation to model the signal for Rayleigh fading and various types of 
jamming interference. The use of variable length Walsh sequences, including 
concatenation of Walsh-data vectors for simultaneous multi-rate transmissions are 
explained. The derivations of the noise and interference covariances results are also 
discussed. In addition, the bit error performances for various jamming scenarios, 


including barrage, pulsed-noise and tone jamming, are analyzed. 
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EXECUTIVE SUMMARY 


Traditional communications systems in a fading environment have been a research area 
for many years. Techniques such as spatial diversity in the receiver are commonly used in 
modern communications. Recently, the use of multiple antennas at both the transmitter 
and receiver has shown performance improvement over a fading channel. Interference 
such as jamming is always a practical problem, especially, in military communication 
systems. Jamming is often mitigated by the use of spread spectrum (SS) techniques. Such 
techniques are also employed in civilian systems for multiuser access such as code- 
division multiple access (CDMA) and the second-generation (2G) cellular standard IS- 
95. Orthogonal covering, which uses fixed and variable length Walsh sequences, has 
been known to provide orthogonality and enables channeling with different data rates. A 
system employing Multiple-Input-Multiple-Output (MIMO), complex spreading and 
orthogonal covering may improve the system performance; hence, there is a need to 
investigate how such a system performs in a fading channel with interference. 

The objective of this thesis is to discuss and analyze the modeling of a complex 
spreading MIMO system with orthogonal covering in Rayleigh fading and interference. 


The concept of the system is illustrated in Figure 1. 


User Channel 1 


1V/Q Walsh Repeat Complex 4 i RF 
Modulator |“t™°S} Sequences | ?"™°S) Spreading Upconvert 





User Channel 


Figure 1. Integrated spreading MIMO system with orthogonal covering procedure and 
orthogonal space-time block codes (OSTBC). 


First, the complex symbol from each channel is repeated M times and coded with 
the Walsh sequence of spreading factor VM. After that, the Walsh vector is repeated b 
times to meet the common chip rate of the PN code with spreading factor V. The PN code 


is chosen such that N = bM . The integrated spread signal is then coded with the OSTBC 


XV 


before transmission. Different channels are assigned unique Walsh codes. For multi-rate 
channels, the channel with the higher data rate is assigned with a shorter code, and a 
lower data rate channel is assigned with a longer code. Hence, in order to meet the 
common chip rate for an orthogonal covering process, the vectors from the higher data 
rate channel must be concatenated. Orthogonal covering is achieved by linearly 
combining the integrated spread signals from each channel. 

When the signal goes through an AWGN channel with interference, the received 
signal is corrupted with noise and jamming. The covariances of the noise and jamming 
are calculated using a discrete time formulation. The results are used to derive the bit 
error rate (BER) performance for a 32-quadrature amplitude modulation (QAM) system 


for each of the three jamming scenarios: barrage, pulsed-noise and tone jamming. 
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Figure 2._ BER curves are shown for the following: a) barrage Jamming (MIMO (2x2) 
with E,/Jo = 0 dB and spreading (N = 8, 16, 32, 64)), b) pulsed-noise jamming (MIMO 
(2x2) with N = 64 and increasing ~), and c) tone jamming (MIMO (2 x2) with Aj/A = 
0 dB and spreading (N = 8, 16, 32, 64)). 
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The BER curves for each jamming scenario for fixed transmission rate channel 
are shown in Figure 2. The BER improves when the PN spreading factor N increases. 
This confirms the advantage of spreading against jamming, where the power of the 
jamming is decreased in proportion to the spreading gain. In Figure 2, E,/No is energy per 
bit to noise power spectral density ratio, E,/Jo is energy per bit to jammer power spectral 


density ratio and Aj/A is the jammer amplitude to carrier amplitude. 


For a multi-rate channel, the spreading factor for each symbol is reduced due to 
the concatenation of the vectors. It is clear that the BER is degraded due to the lower 
effective spreading gain. The results are illustrated in the BER curves in Figure 3, where 
it is seen that the BER performance degrades for all three jamming scenarios as the 


transmission rate R, increases. 
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Figure 3. BER curves are shown for: a) barrage Jamming (MIMO (2 X 2) with E,/Jo = 0 

dB, N = 64 and increasing R;), b) pulsed-noise jamming (MIMO (2x2) with N= 64, p 

= 0.5 and increasing R;), and c) tone jamming (MIMO (2x2) with Aj/A = 0 dB, N= 64 
and increasing R,). 
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I. INTRODUCTION 


A. BACKGROUND 


In a traditional communication system, signals received may be degraded or lost 
due to fading or/and interference. Techniques such as spatial diversity are often used in a 
fading environment to improve the performance of a wireless system. Multiple-input- 
multiple-output (MIMO) techniques provide great improvement to the performance over 
fading channels. Spread spectrum techniques are well known for mitigating interference 
in a non-fading environment. In military communications, interference such as jamming 
is a practical problem. The interference may be caused by deliberate jamming by an 
adversary. On other hand, commercial systems such as IS-95 and CDMA2000 employ 
orthogonal covering techniques for channel separation between users with different data 
rates to mitigate interference such as multiple access interference (MAI) [1]. Thus, a 
conventional system experiencing both interference and fading may suffer from severely 
degraded bit error rate (BER) performance. For these channel problems, it is clear that 
MIMO, spread spectrum, and orthogonal covering techniques can be used together to 
achieve better performance and provide orthogonality for multi-rate user transmission. 
Hence, there is a need to find out how a complex spreading MIMO system with 


orthogonal covering performs in a fading channel with interference. 


B. OBJECTIVE 


The objective of this thesis is to derive and analyze the performance of a system 
employing spatial diversity, complex spread spectrum, and orthogonal covering in 


Rayleigh fading and jamming interference. 


C. RELATED WORK 


The MIMO signaling with spread spectrum techniques have commonly been used 
over the years to combat fading and other varied interference. The studies in [2] utilize 
the discrete-time approach to model the complex spreading MIMO systems in Rayleigh 
fading and interference. The BER performance evaluation results are covered in both [2] 


and [3]. A theoretical explanation of complex spreading with Walsh functions is covered 
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in [1]. In this thesis, orthogonal covering techniques are applied to the previous work 
done in [2]. In this work, we present the signal modeling, analyses, and performance 


results. 


D. SCOPE AND ORGANIZATION 


In Chapter II, the signal model background is discussed. The techniques in 
modeling the complex spreading MIMO signal with orthogonal covering are explained. 
These include spread spectrum (SS), orthogonal covering, orthogonal space-time block 


codes (OSTBC), fading channel, and maximal ratio combining (MRC). 


In Chapter III, the signal model for the complex spread spectrum signaling with 
orthogonal covering is developed. A detailed explanation of the procedures for complex 


spreading and de-spreading with orthogonal covering is given. 


In Chapter IV, the procedures for multi-rate transmission channels, including the 


concatenation of Walsh codes are covered. 


In Chapter V, MIMO and MRC are discussed, and the noise and interference 


covariances of the signals are derived. 
In Chapter VI, BER results are presented. 


In Chapter VII, conclusions are summarized. 


Il. CONCEPT BACKGROUND 


In this chapter, the techniques used in the signal space modeling of the system are 
examined. The fundamentals of spread spectrum, orthogonal covering, space-time block 


codes and maximal ratio combining are covered. 


A. INTRODUCTION 


Over the years, many techniques have evolved to improve the overall 
performance of a digital communications system. For example, spread spectrum 
techniques are widely used in military wireless applications due to their effectiveness 
against interference. Alamouti [4] has invented a simple transmit diversity technique 
which significantly improves the bit error rate performance without additional bandwidth 
expense. Spatial diversity techniques such as MIMO schemes have the ability to 
overcome multipath propagation, which is traditionally a pitfall of wireless transmission. 
Orthogonal codes such as Walsh—Hadamard code [5] are used in CDMA cellular 
communications to separate different users’ channels. Orthogonal covering techniques 
make use of variable Walsh functions to support simultaneous multi-rate transmission 
over a single carrier without incurring interference between users. A_ typical 
communication system with spreading block diagram is shown in Figure 1. In this 
chapter, techniques that are used to model the complex spreading and de-spreading of 


MIMO signal with orthogonal covering are studied. 


Channel 
Input Output 
















Message Channel Modulator Demodulator Channel | Message 
encoder decoder 





Spreading 
generator 


Spreading 
generator 


Figure 1. | Block diagram of the spread spectrum communication system is shown 
(From [6]). 


B. SIGNAL SPACE MODELING 
1. Spread Spectrum Signaling 


Spread spectrum signaling is a technique that spectrally spreads the signal of the 
transmitted message. The SS modulated signal has a bandwidth much larger than the 
bandwidth of the narrowband information signal [1]. The main purpose of SS is to protect 
the signal’s integrity by reducing the effectiveness of a jammer. In order to jam a SS 
signal, the jamming signal power has to be distributed over a larger spread of bandwidth. 
When a jammer in the channel is added to the SS received signal, at the receiver the 
interference jammer energy is spread out during de-spreading. This results in an effective 
reduction of the magnitude of the power spectral density (PSD) of the jamming signal. 
The use of spread spectrum techniques has a history dating back to World War II during 
developments of radar and ranging techniques [7]. The characteristics such as low PSD, 
high immunity to jamming and interference, high resolution ranging and the possibility of 
code-division multiple access have made SS pervasive in military applications. In 1985, 
the Federal Communications Commission made a decision to allow the use of SS signals 
in industrial, scientific and medical (ISM) bands (902—928 MHz, 2400—2483.5 MHz, and 
5725-5850 MHz) at power levels set at 1W [8]. There are two types of spread spectrum 
modulated signals - direct sequence (DS) and frequency hopping (FH). In this thesis, DS 


signaling is used. 


Jamming Signal (WB) 


DSSS : BPF 
Tx “2Re” 


i . 
oe 


Figure 2. __ Effect of direct sequence spread spectrum in jamming is shown (From [9]). 





a. Direct Sequence (DS) Modulation 


Direct sequence spread spectrum (DSSS) is a SS technique that spreads a 
data signal by combining with a higher data-rate bit sequence or chipping code. The 
chipping code increases the signal’s resistance to jamming interference. The effect of 


jamming in a direct sequence spread spectrum is illustrated in Figure 2. 


In DSSS, the DS signal is generated by encoding the binary data Os and Is 


of bit rate R, = 1/ T, with a periodic pseudo-noise (PN) binary-valued sequence of N 
chips. The pseudo-random code with chip rate R, is locally generated, where 
R,=1/T.= NR,, and the sequence period is the same as the bit time. To transmit a 0 bit, 


the transmitter sends the PN sequence; to transmit a 1 bit, the transmitter sends the 
complement PN sequence. This operation can be implemented by repeating a data bit V 
times and modulo-2 adding them to the PN sequence. Since the chip rate is N times the 
bit rate, the spread bandwidth is N times larger than the corresponding narrowband 
signal. The spreading factor N is often referred to as the processing gain of the spread 
spectrum signal. It may be dependent on the modulation and the demodulation, as well as 
the type of jamming signal [1]. The longer PN codes (the larger N, the better it is against 


jamming) come with a trade-off between bandwidth and capability. 


An illustration of spread spectrum signaling is shown in Figure 3. It can be 
seen from the top diagram (shown in the frequency domain) that the spread bandwidth B, 


is much larger than the original signal bandwidth B,. This corresponds to the much 
shorter time period 7’ of the spreading code as compared to the original symbol period 
T . The spread signals may seem to appear as noise in the frequency domain. The wide 


bandwidth provided by the PN sequence allows the modulated signal power to drop 


below the noise threshold without loss of information. 





Original signal 


DS spread signal 





Figure 3. | Direct sequence spread spectrum signaling is shown (From [6]). 


One example of a DS modulator is shown in Figure 4. The DS-PSK signal 
is generated by modulating the PN code onto the information signal using phase-shift 
keying i.e., binary-phase shift key (BPSK), quadrature phase shift key (QPSK), and so 


on. Then the signal is radio frequency (RF) upconverted with a RF carrier. 







10.1 f;, 10,1} 


REPEAT y MAPPING 
N TIMES 













PULSE 
SHAPING 


cos 27 f.t 
PN SEQUENCE RF 
GENERATOR 
Figure 4. Direct sequence-phase shift keying transmitter (From [1]). 


To show an example, consider a PN sequence code e=| 01041 ] 


(in vector format) which has a spreading factor N =4. The data bit ‘0’ is to be encoded. 


The data bit is repeated N times to provide the data sequence d=| 000 0 | To 


spread the signal, the two sequences are modulo-2 added, and thus, the spread signal is 
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given by x=e@d=( 0101 |: Applying the mapping 0— 1 and 1— -1, we get 
the sequence x =| 1 =f. 7 = i? This is the sequence that is sent when the data bit is 


0. When the data bit is 1, the spread sequence is x =| = + =f 4 i which is the 


complement of the previous sequence. Alternatively, the spread sequence x can also be 
generated via multiplication if we apply the mapping on the two sequences c and d, and 


then multiply the corresponding elements in c and d to get the spread signal x. 


b. Complex Spreading Signaling 


In complex spreading [1], the signal is spread via the I and Q (in-phase 


and quadrature, respectively) channels. The data symbols in I and Q channels are spread 


with a complex spreading function. Given an arbitrary complex symbol d=d-+ jd ,d is 


the input-I bit and d is the input-Q bit. The complex symbol is spread with a PN code, 


c=c,+ j¢e,, and the complex spread symbol s is given by s= dc, where it takes the form 


s=s,+ j8,. Thus, the complex spreading I and Q symbols can be expressed as 


S=5,+ JS, =(d+ jd)(c, + je) =(de,-de,)+ i{de, + dep} @1) 
».8,=de,—de,, $,=de,+de,. 


Hence, the name complex spreading is given. A diagram of a complex spreading 


procedure is shown in Figure 5. 


1/Q Complex RF 
Modulator Spreading Upconvert 





Figure 5. | Complex spreading procedure is illustrated (After [2]). 


2. Orthogonal Covering 


Orthogonal covering or code-division multiplexing (CDM) is a technique that 
employs orthogonal functions, such as Walsh functions, to multiplex different user bit 
streams onto a single carrier without interference between user data [1]. It also employs 


variable length orthogonal codes to support simultaneous multi-rate transmission. 


a. Walsh-Hadamard codes 


Walsh-Hadamard orthogonal codes have been used in numerous 
communication systems during the last decade [5]. They are used in DS communication 
systems such as IS-95 and CDMA2000 [1], [5]. They have been known since 1923 and 
are advantageous because they assume only values of +1 and are easily generated by 
digital circuits. A Walsh code is simply a row or column taken from a Hadamard matrix. 
A Hadamard matrix is a symmetric square matrix composed of Is and Os with a 


dimension that is a power of two and is given by (after mapping0 > 1, 1— —1): 
Hy =[1} =| | a‘ jet Oe (2.2) 


where an 8X8 Hadamard matrix is 








1 1 1 1 1 1 1 1 
1 -l 1-1 1 -l 1 -l 
1 1 -1 -1 1 1 -1 -l 
Sele a acon | io 
4 4 
1 -l 1 -1 -l 1 -l 1 
1 1 1 1 -l 1 1 1 
1 -1 -l 1 -l 1 1 -l 


In an 8X8 Hadamard matrix, any two rows or columns are mutually orthogonal. Thus, 
Walsh codes, which are given by the rows of the Hadamard matrix, are simply orthogonal 
codes. This also means that the cross-correlation between two different Walsh codes is 


zero when aligned. A Walsh coded signal appears as random noise unless the receiver 
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uses the same code as the one used at the transmitter. Orthogonal Walsh functions are 
defined in order of N as W,, ={w, (t);te (0,7), j=0,1,K ,N-1, consisting of N = 2 


elements that are functions of time with following properties [10]: 
e w(t) takes on the values {+1,-1} except at a finite number of 


points of discontinuity, where it is defined as zero. 


e wy (t)=1 for j=0. 


w(t) has precisely j sign changes in the interval (0,7). 

T ee 

0, fj#k 
e w (t)w,(t)dt= Orthogonality). 

ee ee an 
To explain the fourth property (orthogonality), we take two Walsh codes from the row of 
the 8x8 Hadamard matrix given by w, =i (tok OE ete ST ] and 
w= Vay A) eh) i ep ct |; The inner product of the two functions yields 


(w,,W,) =0.A set of Walsh function of order eight is illustrated in Figure 6. 















































Figure 6. A set of Walsh function of order eight is shown (From [10]). 


b. Orthogonal Covering using Walsh Functions 


Orthogonal Walsh functions are used in practice when employing 
orthogonal covering techniques. The procedure is similar to the PN spreading sequence. 
Each user channel is assigned a Walsh sequence of length M with chip rate R, = MR,, 
where R;, is the bit rate. The user bit is repeated M times and then modulo-2 added to the 
Walsh chips. Then mapping is applied to the resulting Walsh symbol. A set of M Walsh 
functions can accommodate up to M user channels. The orthogonal covering is achieved 
by summing the symbols of M users together. A concept of orthogonal covering is 


illustrated in Figure 7. 
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Figure 7. Orthogonal covering procedure is illustrated (After [1]). 


Cc. Orthogonal Covering with Variable Length Sequences 


Variable length orthogonal sequences, also known as orthogonal variable 
spreading factors (OSVF), are designed to improve the capability of a system 
accommodating different transmission bit rates. The OSVF code is generated by using a 


(’) 


> Where M denotes the 


Walsh-Hadamard matrix. Each OVSF code is represented by w 


spreading factor (or “chips per bit”) and 7 denotes the branch number. In practice, it is 
common for the spread bandwidth to be the same for all users in the system. Therefore, 
for multi-rate transmission, variable spreading factors codes are required. Higher data 
rates are assigned a shorter length code and lower data rates are assigned a longer length 
code so that they meet the same chip rate and spread bandwidth. The variable length 


orthogonal codes are described by using the tree structure as shown in Figure 8. 
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w =(00000000] 










w) =[0000] 
w?=[0000111]] 





ws) =[0 0] 
w =(0011001 1] 





w =[00111100] 






w?) =[01010101] 





w" =[0101 1010] 


w.” =[011001 10] 


w) =[0110] 
w) =[01 101001] 


Figure 8. | Code tree for variable length orthogonal sequences is generated 
(From [11]). 


Now, we describe the code tree procedure. Start at the root of the tree with 
Walsh code wi") =0. Move to the subsequent branches to create sequences with twice the 


spreading factor. Every move to the next branch to the right doubles the data rate. The 
upper branch code contains the cascade of two parent code sequences. The lower branch 
code contains the cascade of the parent code sequences and its complement. Variable 
length orthogonal sequences cannot come from the same branch. The generated codes of 
the same branch constitute a set of orthogonal Walsh functions. Any two codes of 


different branches are also orthogonal except for the case when one of the two codes is a 


12 


mother code of the other. Furthermore, if a code of any branch is assigned to a user, any 
codes generated from that code cannot be assigned to other users of the same bandwidth 
requesting lower rates. 

An example to illustrate orthogonal covering using two channels [1], one 
with bit rate RK, (channel one) and the other with bit rate 2R, (channel two) follows. 


(3) 


Channel one employs a Walsh sequence w, 


of eight chips per bit; therefore, the chip 
rate is 8R,. To meet the requirement of common chip rate, channel two has to employ a 


Walsh sequence we) 


, > which has four chips per bit and is orthogonal to wi) . Hence, the 


chip rate of channel two is 2K, x4=8R, . The data bit for channel one is ‘1’ and channel 


two is ‘0,1.’ The data bit is repeated eight times for channel one and four times for 


channel two. The sequences are given by d: 
fe \ Ay ee, ee ae OO Oe eee Fat ib TOA) 
and the Walsh sequences are given by 

HOS OO TOO: Lie =) 0 a ao a) (2.5) 
The resulting Walsh symbols in each channel are derived via modulo-2 addition given by 


s=40w)=|11001100] 


(2.6) 
8, =), Ow) =| 0 1 0 1 |, 8, =d,, Ow =[ | 01 0 i 


Applying the mapping 01 and 1—-1 to the Walsh symbols, we get 





Soar en We Sah ar Ia eS) a Si heat eee) ala sia ey) 


Walsh symbols of channel two (to achieve the chip rate of channel one) are concatenated 


yielding 


5,=(5,08,)=| 1 “1 1-1, -1 1 -1 1 |. (2.8) 
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The orthogonal covering is achieved by linearly combining the Walsh symbols s, and s, 


as given by 
s=s,+s,=[s,.5,]=[ 0 -2 2 0, -2 0 0 2 |. (2.9) 
To recover the data, we calculate the normalized inner products using the Walsh 


sequences w=| 1 1 -1 =-1 11-1 -l ] and wi) =| 1 =l 1 =! |: The 


results are given by 


=<(-8)=-1 
(s,,,wt)\ /4= a{(ox 1) +(-2x-1)+(2x1)+(0x-1)} (2.10) 
==(4)=1 


The bits can be detected by using a threshold detector by setting the threshold to zero. For 
any inner product with a positive value we detect bit 0, and for a negative value, we 
detect bit 1. Thus, for channel one we detect bit 1, and for channel two, we detect bits 0 


and 1. 


3. Fading Channel 


Fading is used to describe the deviation or fluctuations of the amplitudes, phases 
or multipath delays of a radio signal over a short period of time or travel distance. The 
presence of multiple paths between the transmitter and receiver introduces complexity in 
both channel model and receiver. Due to distortion, the received signal often has little 
resemblance to the transmitted waveform. This is particularly true for transmissions in an 
urban environment, where propagation is disturbed by a number of interfering objects 
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such as buildings or trees. The presence of multipath can impose severe limitations on 
receiver performance. This can be mitigated if a detailed characterization of the multipath 


channel is available at the receiver. 


a. Multipath Channel 


Multipath occurs when a transmit signal is reflected by objects such as 
walls in the environment before reaching the receiver. The reflected signals may arrive 
with random offsets in time or phase, as illustrated using an impulse response in Figure 9. 
These effects result in multiple versions of the transmitted signal that arrive and combine 
at the receiving antenna and can potentially lead to errors on the receiver side as it 
attempts to correctly detect and decode the distorted received signal. The combined 
received signal can be modeled as a Rayleigh fading process (for no line-of-sight), a 


Rician fading process (with one line-of-sight path), or a Nakagami fading process [2]. 


Transmitter Receiver 


tO t tl 2 3 4 t5 t 


Figure 9. Impulse response of multipath channel is illustrated. 


b. Rayleigh Fading 


In radio channels, the Rayleigh distribution is commonly used to describe 
the statistical time-varying nature of the received envelope of a flat fading signal or the 
envelope of an individual multipath component. The Rayleigh distribution is given by 


[12] 





plr)= Zen - (0<r<e) (2.11) 
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where o is the rms of the received voltage signal before envelope detection, and o” is 


the time-average power of the received signal before envelope detection. 


A channel is defined as flat fading when the multipath delay spread is less 


than the symbol time [2]. For a flat fading, the complex channel tap coefficient is 
h=|h|e”, where h is the attenuation coefficient of the signal, and @ is the phase shift 


that the fading channel introduces. For this thesis, it is assumed that the complex channel 


tap is available via perfect channel estimation. 


4. Maximal Ratio Combining (MRC) 


In an L-fold diversity system, assuming fixed signal bandwidth and transmitted 
power, the energy of a transmitted copy is 1/L the symbol energy. Thus, to detect the 
received signal, an optimum coherent combiner in a receiver must obtain a combining 
decision sample whose signal-to-noise ratio is the sum of the Z instantaneous signal-to- 
noise ratios. A MRC block diagram is illustrated in Figure 10. The combiner at the end 
has to align the phases (co-phase) of each of the L received sample before summing 


(weighting). 


oy 





Rayleigh Fading 
Channel 


Figure 10. | Maximal ratio combining (MRC) diagram is illustrated. 
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As explained in Chapter 10 of [1], consider the pre-combining samples of L 


copies of an arbitrary symbol s,. Each copy has a corresponding complex sub-channel 


tap of h,, and the sub-channel received signal Y, is 
Y=hs,+N,, 1=1,2,K ,L (2.12) 


where N, is the complex AWGN of the /th sub-channel with variance 20°. In vector 


form, the received signal can be written as 


Y=hs,+N, (2.13) 
where el ) ae) ee a ls h=| (ae (coe 2 ts and 
N =| NaN, een oNG is Assuming perfect channel estimation, we have the 
sufficient statistic for coherent demodulation is jal , where * denotes conjugate 
transpose of the vector and || . || is the norm of the vector. Thus, the MRC decision 
variable is 

+5) 

=——(hs,+N), (2.14) 

||| 


* 


where ——N has a variance of 20°. The instantaneous MRC output SNR, , given the 


|| 2 || 
symbol s, is 
h|F|s. h,\\s, 
sve, = [ells Li P ~y, fist if Ly one, pas 
h 
where SNR, , =A TSE is the instantaneous signal-to-noise ratio of the pre-combining 


I" copy of symbol s, . Thus, MRC achieves the maximum output signal-to-noise ratio, 


which is the sum of L input SNRs. 
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=F MIMO Space-time Coded System 


MIMO systems can be defined simply as systems for which the transmitting and 
the receiving ends are equipped with multiple antenna elements [13]. A MIMO setup is 


illustrated in Figure 11. 
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Figure 11. Diagram of a MIMO system is illustrated (From [13]). 


The core idea in MIMO systems is that a space-time signal in which the signal 
time is complemented by the spatial dimension is inherent in the use of multiple spatially 
distributed antennas. The signals on the transmit antennas at one end and the receive 
antennas at the other end are designed in such a way that performance is improved. As 


such, MIMO has the ability to take advantage of multipath fading propagation. 


a. Space-time Coding 


A typical digital communication system consists of a transmitter and a 
receiver. Space-time coding involves the use of multiple transmit antennas and receive 
antennas, as illustrated in Figure 12. Space-time coding is a scheme that achieves a full 
diversity order by joint encoding of multiple transmit antennas [13]. In this scheme, a 
number of code symbols equal to the number of transmit antennas are generated and 
transmitted simultaneously, one symbol from each antenna. These symbols are generated 
by a space-time encoder so that by using appropriate signal processing and decoding at 


the receiver, diversity gain can be maximized. 
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Information 


Source 





Figure 12. Model of space-time coding is shown (From [13]). 


The input symbols from the information source to the space-time encoder 
are encoded into groups of symbols by space-time block code (STBC) or space-time 
trellis code (STTC). In a given symbol period, the symbols are transmitted 
simultaneously from the transmit antennas. In space-time coding, information is 
transmitted in the form of data sequence. Data are coded and sent along with respect to 
time. Space-time coding uses the knowledge of the amount of coded data with respect to 
time and the number of transmit antennas. 

Alamouti [4] devised a simple transmitter diversity scheme with 
orthogonal space-time block coding (OSTBC) for transmission with two antennas as 
shown in Figure 13. 


Signal 2 / 
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Signal 
Figure 13. Transmitter diversity with space-time block coding is shown (From [13]). 
In this scheme, the input symbols to the space-time block encoder are 


divided into groups of two symbols each. At a given symbol period, the two symbols in 
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each group our em are transmitted simultaneously from the two antennas. The 
information is encoded and sent through the antenna with respect to time. The code is 
specified by the matrix G whose code words fe -C; ] and [C, C ] are the columns 


of G: 


Antenna 
TS) 


CG 
G= ne Symbol time 
O, CG, 


* denotes the complex conjugate 
From the first symbol period, the signal transmitted from antenna one is C, and the 
signal transmitted from antenna two is C,. In the next symbol period, the signal -C, is 
transmitted from antenna one, and C, is transmitted from antenna two. The columns and 


rows of matrix G are orthogonal; that is, GG=GG =ICIPL,,, where 
g 2x2 


t 
C -| GG, | . The Alamouti code allows the transmission of two symbols over two 


antennas in two consecutive times without the additional expense of bandwidth. The sum 


of the channel-tap weighted code words plus noise is [1] 


C, C, N, 
Z=h, ee. a ic 
-C; C N, 
(2.16) 
= ee 1G | epeny, 
h,C, -hC; N, 


The vector Z=Gh+N can be mapped into Y=HC+N by changing the second 
t 
element of z=| Z, Z, | which is Z, =h,C, —h,C, +.N,, into its complex conjugate 


Z, =h,C,-h,C,+.N, . Thus, Y can be expressed as 
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Z, AC, + h,C, N, 
Y=HC+N= . |= : : + 
Zs AC, 7 h, C, NN, 
: (2.17) 
= h, fy C, 4 N, 
hk -h || C, N, 


where N=| N,N, | -| N. N. : , and H, the channel tap matrix of the code 


matrix G, is given by 


H=| | 7? |, (2.18) 


b. Orthogonal space-time Block Coding 


Further explained in [2], the m symbols d=| Gs G8 ae | to be 

transmitted are coded by the OSTBC G [2], and the received signal is given by 
Z=Gh+N, (2.19) 
where the complex code G is an L.x L, matrix, where L, is the number of transmit 
antennas for m complex symbols transmitted over L, symbols times. Thus, the code rate 
is R=m/L,. The parameter N is the L.xl1 AWGN vector at the receiver with 


covariance matrix oI =z,» and h is the L,x1 complex channel attenuation vector where 
t 

h -| en . From (2.16) and (2.17), the code G is designed such that the 

received signal can be transformed to a convenient form 


Y=Hd+N, (2.20) 


where d is the symbol sequence defined previously, and the L,x1 N is the preserved 


noise vector. The variance is preserved, and the covariance of the noise vector is given by 
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ol tp Lhe L,xm matrix H is termed as the channel tap matrix whose row entries are 


mainly derived from h such that the columns of H are orthogonal to each other; i.e., 
|h|P 1 =H'H or, equivalently, ||h|/ 1, = H'H, where ||h|| is clearly the norm of 
h. 


C. TYPES OF JAMMING INTERFERENCE 


In general, jamming in digital communication means the prevention of successful 
radio communications by the use of electromagnetic signals. The aim of communications 
jamming is to cause interference to a system and cause the system’s performance to 
degrade. In this thesis, three types of jamming, namely, barrage jamming, pulse-noise 


jamming and tone jamming, are covered. 


1. Barrage Jamming [1] 


Barrage jamming is jamming that is due to barrage noise, which can be modeled 
as broadband noise, i.e., additive white gaussian noise (AWGN). The channel is modeled 


as an AWGN channel with the presence of a broadband jamming signal whose power 


spectral density (PSD) is flat and is denoted as J/, i Zs 


2. Pulsed-Noise Jamming [1] [3] 


Pulsed-noise jamming is an effective jamming strategy against a direct sequence 
spread spectrum signal. It is jamming caused by broadband noise received in periodic 


spurts. The period or duty cycle is given by p, which is between the value of 0 to 1. For 
the special case where p =0, the jammer is specified to be turned off, and the receiver 


interference is just due to the receiver noise. By the total probability theorem, the BER is 


given by [3] 
P=pP 9+ (l=p)By. (2.21) 


where pP, 


jv 18 the BER with jamming and receiver noise and P,,, is the BER with 


AWGN only. 


22 


3. Tone Jamming [2] 


In tone jamming, the jamming waveform is presumably within the signal 
bandwidth. An interference tone at the carrier frequency is sent to jam that carrier 
frequency. This causes a phase offset after the received signal is downconverted from 


passband to baseband. The jamming signal is given by 
j(t)= A, cos(2x ft+6,), (2.22) 


where A, is the amplitude and 6, is the arbitrary phase of the jamming signal. In direct 


sequence spread spectrum, the variances due to the jamming tone on the I and Q channels 


are equal and are given by [2] 





AT 
GS, cits = at (2.23) 


where 7 is the spreading chip time and AN is the spreading gain; thus, the total 


interference variance due to jammer and noise at the detector is 





pA 
ona ote. (2.24) 


D. SUMMARY 


The signal model background and the various techniques used in this thesis were 
provided in this chapter. Each technique has its own advantages in improving the system 
performance. Spread spectrum is used to improve the jamming capability for the system. 
Orthogonal covering, which employs Walsh function, is used to provide orthogonal 
capability and channeling for both fixed and multi-rate data transmission. MRC improves 
the received SNR of a system in fading channel by adding all multipath signal SNRs. 
Spatial diversity via MIMO technique is used to combat fading channel and improves the 


system performance. The types of jamming interferences were also briefly described. 
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Hl. COMPLEX SPREAD SPECTRUM SIGNALING WITH 
ORTHOGONAL COVERING IN FIXED DATA RATE 
APPLICATIONS 


A. INTRODUCTION 


The orthogonal covering codes are assigned to multi-rate user signals to provide 
orthogonalilty so that the signals can be multiplexed into one single carrier without 
interfering with one another. When the spreading sequence is used, the overall bandwidth 
of the signal is increased. A spread spectrum signal has a much larger bandwidth due to 
the spreading in the frequency domain. A direct sequence spread spectrum signal with 
spreading factor N can reduce the jamming power at the receiver via de-spreading. It is 
noted that the direct sequence code shift keying (DS-CSK) technique is employed in the 
reverse link of IS-95. This scheme is not practical for our system model, as explained in 
approach one. A scheme that can fit our design is devised, as explained in approach two, 


and is followed by the derivation of the procedure in Section B. 
Approach one: Let k= log,M, where k is the number of bits per symbol for M- 


ary modulation and M is the number of bits. The symbols are assigned a distinct Walsh 


sequence of M chips from the set of M Walsh sequences obtained from the code tree. 


Assume a bit sequence of — 1s and Is, and A, is the bit rate. The symbol rate R, = 1/ T is 
R,/k, where T. is the symbol period. Also, assume a Walsh sequence of M chips (1s 


and —1s) with chip time of 7, where 7 = MT. To employ Walsh coding, each data 
symbol is multiplied by the Walsh sequence to form a Walsh-data vector, where the 


Walsh chip rate is R, = MR,. Consequently, to perform the direct sequence spreading, a 
periodic PN sequence of N chips (1s and — Is) is considered with chip time of 7, = 1/ Res 
where R, is the chip rate of the PN sequence. Then, RX. is selected to be an integer 


multiple of the Walsh chip rate R,; that is, R,= NR,. The Walsh-data vector is then 
multiplied by the PN sequence to form the Walsh coding and spreading signal, and the 


final chip rate is R,= NMR,. Hence, the overall spreading factor is NM, which also 
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means the spread signal bandwidth is NM times larger then the data symbol rate. This 


procedure is illustrated in Figure 14. 


1/Q cena Complex RF 
Modulator | times Spreading Upconvert 


Figure 14. | Walsh coding and complex spreading procedure is shown. 


k bits 
—==) 





This method is not practical due to the large bandwidth usage. With a 64 chip- 
Walsh sequence and a 128 chip-PN sequence, the spreading factor is 64*128=8192, 
and the bandwidth is 8192 times larger. The use of short PN codes is not suitable, as the 
protection against jamming is reduced. 

Approach two: A scheme is devised which integrates the Walsh coding with the 
spreading signal. This method can achieve the desired bandwidth expansion factor of N. 
It is also easier to implement. Firstly, each symbol is spread with the PN sequence to 


form the spreading sequence. The PN chip rate is R, = NR. . In practice, the spread factor 


N is usually larger than M and N is chosen such that N=bM where 5 is a positive 
integer and a power of two. Before employing the Walsh coding, the Walsh vector of 


spread factor M has to be repeated b times so that it has the same chip rate as that of the 
PN sequence; i.e., R= &,. Walsh coding is applied by multiplying each of the repeated 
Walsh codes with each of the spread symbol to form the integrated spreading sequence. It 
can be seen that the overall chip rate is R,= NR. Thus, the spread bandwidth only 


depends on N. This method can allow us to use long PN codes and, at the same time, 


provide orthogonality capability without increasing the overall bandwidth. The procedure 


is illustrated in Figure 15. 


1/Q Complex Integrated RF 
Repeat NV 
Modulator Spreading Spreading Upconvert 





Figure 15. Integrated spreading procedure | is illustrated. 
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Another method is to apply Walsh coding to the symbol before spreading. Each 
symbol is repeated M times and coded with the Walsh vector. The chip rate is R, = MR. 
Then, each Walsh-data vector is repeated b times to obtain the same chip rate as the PN 
sequence. To achieve the integrated spreading, we multiply the corresponding elements 


of the repeated Walsh-data vector and the PN code. Thus, the chip rate is 


R.=bR,, = bMR, = NR... The procedure is illustrated in Figure 16. 


I/ Integrated RF 
. Repeat M Repeat b S 
Modulator | times times Spreading Upconvert 





Figure 16. Integrated spreading procedure 2 is illustrated. 


The repeated Walsh sequence procedure can be carried out in two methods. The 


first method is to repeat each Walsh chip in the sequence. For example, let us take the 


Walsh vector w =| t 2 i sf |. and each of the Walsh chip is repeated two times 


i.e., b = 2. The repeated Walsh vector is w=| i fa 2 1 a SI iF From 


the code tree (in Figure 8), it can be seen that this repeated sequence is the successor of 
the other branch sequence; thus, it is not suitable for use in multi-rate user transmission. 
This is because it will affect the availability of the remaining Walsh code resources, i.e., 
the system capacity. The advantage of this method is it can provide better burst error 


performance in fixed rate transmission. 

The second method is to repeat the whole Walsh sequence. Taking the same 
example as above, the repeated Walsh vector is w=| ee ot ha WP eh fe oe] i 
Notice the repeated vector is the successor of the Walsh sequence, 1.e., the next branch in 
the code tree. Therefore, it does not affect the orthogonality of the sequence and the 
availability of the Walsh code resources. This method is more suitable for multi-rate 


users transmission and can also work in conjunction with other Walsh code assignment 


algorithms. 
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B. INTEGRATED COMPLEX SPREADING WITH WALSH CODING 
PROCEDURE 


Here, the procedures to illustrate the use of orthogonal covering of the spread 
spectrum signals for multiuser application in the section C and multi-rate users 
application in Chapter IV are discussed. The procedures for each section are explained 


mathematically and followed by an example. 
i Complex Spreading Procedure 


Let D be a 1X™m row vector of m symbols to be transmitted from one channel, 


where D =d_+ jd n is an arbitrary complex symbol from D. The d is the I-value, and 


d is the Q-value. Let a complex PN vector be c=c,+ jc, with a spreading factor of N. 


The symbols in D can be spread with the same PN code or each symbol in D can be 
spread with a different code. Assume all symbols in D are spread with the same PN code; 


then spread matrix S is given by 


c 


=—_D, (3.1) 
lle || 


where ||c|| is used as a normalization to preserve the symbol energies in D. The N xm 


spread matrix S and is given by 


Cc 
ee as es _ 32 
SF all : | D, D, a D,, |-[ 5, Ss, va Si, i} ( : ) 
Cy 





: c 
The nth column is the N x1 spread vector given by s = D_ Jel and the complex spread 
c 


vector $, takes the form s,=s,, + js, where 
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1 A 
s,= D, <= —(d,+ jdn}(¢, + jeg) 
lel] [lel 
: Fi (3.3) 
=—(d,e,-dney)+ j—(dre, +d,¢o}, 
rel er tells 
and the I and Q spread vectors are given by 
Ss =—(d,¢,— deo] Ss = (ave, +4,¢0] (3.4) 
nl Il ¢ || n-I QO}? nQ Il ¢ || I n-Q]}* : 


ps Walsh Coding Procedure 


Let w be the 1x M Walsh vector of spreading factor M which is given by 


w=| WoW, ot Wy iF As mentioned before, the PN spreading factor N is the 


integer multiple of the Walsh spreading factor M, where N=bM. Thus, the Walsh 
vector has to be repeated b times to match the PN sequence chip rate. To integrate the 
repeated Walsh vector with the spread matrix S, we define the Nx N diagonal Walsh 
matrix W such that each Walsh chip can be multiplied with each spread chip. The 
diagonal Walsh matrix W can be obtained by two methods as follows: 


Method one: Each Walsh chip in w is repeated b times 





W= diagonal meee Vig Mae > A Say } (3.5) 


b b b 


Method two: The Walsh vector w is repeated b times 





i 
1 b 


W= diagonal ia ee eae } ae 


where the “diagonal” operation means to create a matrix where the diagonal elements are 
made up of the repeated Walsh vector elements. With either method, Walsh coding is 
achieved by multiplying the spread matrix S with W to form the integrated spread matrix 
given by 


X=WS=| x, x, - x, |, (3.7) 


where the integrated spread matrix X isa N Xm matrix, and the N x1 column vector x, 
is the integrated spread vector which consists of b repeated Walsh codes or Walsh vectors 


depending on the method used. The complex integrated spread vector x, takes the form 


X, =X,, + JX 9, and (3.4) is modified to 


x, =Ws =WD — 
Ie || 
my ” . 
=—_(d,+ jdu)(c, + je 3.8 
lel ors (c, + je,) (3.8) 
Ww ~ wf 
=——(d,¢,-dueg)+ j——( due, +d,¢), 
lle Is" 7 e hele # . 


where the I and Q integrated spread vectors are given by 


xX = weit = dnc) 
(3.9) 


x .=—|d,ic,+dec ). 
ley 


3. Complex De-spreading Procedure 


The goal of the de-spreading operation is to recover the Walsh vectors and is 
achieved by multiplying each element in the columns of X by the complex conjugate of 
PN vector c. Thus, to de-spread the received integrated spread matrix X, we define the 


NxXWN diagonal PN matrix C given by 
C= diagonal| CM: BO oe i (3.10) 


Hence, the de-spread N xm repeated Walsh matrix is expressed in the form 


* * 


Cy Ce We'd 


lel] lel lle IP 





(3.11) 


where [+] denotes the complex conjugate. 
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4. Symbol Recovery Procedure 
Now, we proceed to the symbol recovery procedure to recover the original symbol 


vector D. Firstly, we define the 1x N repeated Walsh vector w. Again, these are two 
methods as follows: 


Method one: 


=| Dae gas SONG Wis Sos } (3.12) 


where w is the diagonal of the N x N matrix W in (3.5). 
Method two: 


Wee [ , wy Wy |, tee, [ w, Ww, W,, | 
—— QS ’ 
1 b 


(3.13) 


where w is the diagonal of the NxN matrix W in (3.6). The symbol recovery 


procedure is achieved by multiplying the repeated Walsh vector w and V; hence, the 


symbol vector D can be recovered via 




















i wWC'cD 
=W Se (3.14) 
Ile | 
With method one the recovered symbol vector is 
[w000000 1 
; OOO! SON: te eee Mas 
=—| w, yp > Wag w, | 000%. 0 0 0 “2 2 |D 
Ile || 0000w. 0 0 00 :. 0 : 
1xN M 0 0 0 Cc Cc 
0000 0 :. 0 N N 
{| 9000 0 0w,, | NXxN NxI 
NXN 
fea 
ae (3.15) 
-—f eat | le! bp 
~ lelP ‘| W, > Salon Wy’ Wu ; 
1xN [eel 
Nxi 
1 
= {we (Je, P t+ Le, P) + w8 (Leg, P tee ley, Pt +944, (Ley gas Pet Ley PED. 
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Since w’ = w, =:--=w), =1, we have 


























l lel 
Z=—||c P+lo,Pt+--+]e, P)D= D=D. (3.16) 
lek ; vt) lle lr 
With method two for the repeated Walsh vector, we have 
w000000] 
0°.0000 0 c 000 Cc 
F 00,0000). 51, 
A Cc 
=] =Lbn who Ly-wy] |} 00 0.00 0 ae 2 1D 
~ 000 0w0 0 ioe : 
00000. 0 fw JUN 
000000w, |; mw Nia 
NxN 
lai 
1 2 (3.17) 
Ix ley P 
Nxl1 
1 
= Teel le tmz le P+wi ley Pte tw ley ae P+Wy Cy aver P+w, le, P)D. 
Since w’ = w, =:--=w., =1, we have 
1 2 
z= alls p hie deick ie p= ie PD=D. (3.18) 
c c 


3. Example 1 


The integrated spreading and the use of repeated Walsh vector in methods one 


and two are illustrated. Assuming QPSK signals, we consider a row vector of two 


complex symbols to be transmitted b=| beg? a7 i Also we assume that the 


symbols in D are spread with the same complex PN vector given by 





t 
e=| I+j -l-j -l-j -l-j 14+ / -l-j 14+/ 1+; | and the Walsh sequence 


is W =| 1 -1 1 -1 ie The spreading factor of PN code is N = 8, and the spreading 


factor of the Walsh sequence is M@ = 4. The complex spreading matrix S is given by 
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ay See 
ag = ae) 
(eg Lil oes 2 
ge! hee J i 1 139 l=; J (3.19) 
el? Aah RDG ls ee A) Dae 2 
1 lxm i 
Mm —l-J ee 
1+j 2 
1+j 7. 2 
Eee 


To perform the integrated spreading, we define the 8x8 diagonal Walsh matrix W such 
that each Walsh chip can be multiplied with each spread chip. Given that the PN 
spreading factor is N=8 and the Walsh sequence spreading factor is M=4, the 
repeated diagonal Walsh vector is given by two methods: 

Method one: 


W=diagonal| 1 1-1 -1 11 -1 -1 iF (3.20) 
Method two: 
W=diagonal| 1 -1 1-11-11 -1 | (3.21) 


where the underscore denotes the repeated chip. For method one, the Walsh coding is 


obtained by multiplying the diagonal Walsh matrix W with the spread matrix S. We have 





X=WS 
10 0000 00] 4 2 2j 2 
OO O08 Oe Qe) 27° 2 27 2 
00-1000 0 0] -247 -2 29 72 
1/00 0-100 0 0] -2% -2 | 1] 24 2 (3.22) 
4,00 0010 0 0 Dg Ge All Gee 9 
z]00 0 001 0 O|] 7 2 Se, 
00 0 0.00 =) 0 2j 2 95 
00 0000 0-1 aj 2 2} 2 
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To perform de-spreading, each element in the columns of X is multiplied by the complex 
conjugate of PN vector c. The 8x8 diagonal PN matrix C is defined in (3.10), and the 
de-spread “repeated” Walsh matrix is given by 














iy 0 0 0 0 0. Oe" Bye BD 
eee, 0 0 0 0 40 20s ay 9 
0 Os Sey 0 0 0 oo off 24 
ACs, 0 0 0 -l+j 0 0 oO 0 oF 
lle’ 16; 0 0 0 Ot7 ie 20h 2] 
pe|!. °20 0 0 Oi FOr -A0.- 0a ee 
0 0 0 0 0 OAey 04) 
| 0 0 0 0 0 0 0 1-j |] -27 -2 |(.23) 
Cc WcD 





| 88h fps] 

yeo7. 29; 
5p Bo; 
{| Day 42] 
16) Dade: Boo; 

2407 “240; 
999 pa 
| -2-27 -2+2/ | 








Before proceeding to the symbol recovery procedure, we define the 1x N_ repeated 


Walsh vector W, which is also the diagonal of the NN matrix W in (3.20) and is 


given by 


ie | day etl ett Sh SI (3.24) 


The repeated Walsh vector w is multiplied by the de-spread repeated Walsh vector V to 


obtain the recovered symbols. Thus, we have 
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DEDG- 9294 








DDR 205; 
£9257 29355 
| Bape 40% 
Z=wV=—[ 11 1-111 -1 1] . A 
16 24+2j 2-2; 
ae w ; f 3.25 
7 2427 2497 2:29) 
ae Ao: 
BO 2915; 
WC cD 
| . Milficned: dee hele. 
== 16+16j7 16-16; |=| 147 1-7 |=. 


With method two, the integrated spreading is achieved by multiplying the diagonal Walsh 


matrix W with the spread matrix S. Thus, 























X=WS 

100 00 00 0 a : 

0 S10 O° OO J J 

O00 ar O20 0G On| Seer = eee (3.26) 
_l1/0 00-10 0007 2/ 2 |_1) 24 
440 00 01 00 0 oe Al oy 

“10 00 00-10 0]| a -2 2; 

000 00 01 0 a) 2 2) 

10 00 00 00 | 23 2] | 2 2 | 

WwW x y) 


cD 


The de-spread repeated Walsh matrix is obtained by multiplying the diagonal PN matrix 


























C with X and is given by 
[ey 0 0 0 0 0 OG) ap 2 24D fe TEDy 
0-14; 0 0 0 0 o of wa 2 -2-2j -2+2j |(3.27) 
0 0-14) 0 0 Wes: 0s) Sage es 9497", 229; 
Cos oA 0 0 0 47 0 Oo 20 V0 I] OF Ou a) aay Soa 
“fell 16} 0 0 0 a ee Oo Oro 1G Of -3-|16|'| Beo7 - a0; 
alt P30 0 0 Oo 0: Stage oe 0; |) ay Bays 7453 
0 0 0 0 0 Ode ol] “ap Ss 2497 2-99 
20 0 0 0 0 0 01-7 | 2 2 | 2-27 -24+2/ 
(on WcD 





The 1x N repeated Walsh vector w in this case is given by 
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=| ee a ee | (3.28) 


Note that w is also the diagonal of the NxN matrix W in (3.21). The recovered 


symbols is given by 


2427 2-2; 

Dao? G4 

2427 2-2; 

-wetfiar-aiaiajy oo oY 
24+2j 2-2; (3.29) 

Pin O%: He0 

2427 2-2; 

2-2; 242; 


-—[ 16+16; 16-16; |=[ 1+f 1-7 ]=D. 


Thus, we show that the integrated spreading and recovery of the complex symbols can be 


achieved using the repeated Walsh methods one and two. 


Cc. INTEGRATED COMPLEX SPREADING WITH ORTHOGONAL 
COVERING PROCEDURE FOR MULTIUSER CHANNELS 


In this section, the procedure for multiuser channels is discussed. Each user 
channel is now assigned a unique orthogonal Walsh code. There are K user channels 
assigned with K unique Walsh codes of the same spreading factor. The procedure for 


multiuser channels is illustrated in Figure 17 


1V/Q 
Modulator 


Figure 17. Integrated spreading with orthogonal covering procedure for multiuser is 
illustrated. 


User Channel 1 


Complex Integrated 
Repeat 
Spreading Spreading 
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1. Complex Spreading Procedure 


Let p”.p?),....p! be the data sequences of m complex symbols to be 
(1) (x) 


transmitted from K users, where D*’ is from channel one and D‘” is from channel K. 


Let the complex PN N x1 vector be c=c,+ je,. The resulting spread matrix in each 


channel is given by 


s!) =< pi -| () f) 2. i 
lel i (3.30) 
wee 
where the nth column is the N x1 spread vector is given by 
()_ pd _ Q, 3 J [ai () 
SDS a Ones tf —— dae tae. |, (3.31) 
lle ll lle] : Pe Kel : 


i 1 i a i 1 (a0) i 
where of) = aie le, ane, is the I spread vector and st’ = iG C +d! «| is 


the Q spread vector. 


2 Walsh Coding Procedure 


Let the 1x M Walsh vectors be wl) ww! where wl) is assigned to 


channel one and w'“) is assigned to channel K. Similar to the procedure in Section B.2, 


the Walsh chip rate is designed to be the same as the PN chip rate. Each Walsh vector 


w") ig repeated b times thereby creating the Nx WN diagonal Walsh matrix W. Thus, 


using method one it is given by 


Ww! = diagonal ar se) ae = 3 Naar | (3.32) 


i=1,2,...,K 


and w") for method two is 


() oy) () 0.) 
W") = diagonal [ ue He , [| " wl? (3.33) 


To proceed with Walsh coding, the respective ith diagonal element of the Walsh matrix 


Ww" is multiplied with the ith channel spread matrix si’ , where 


(3.34) 
P21 Direc 


(' 


is an NXm matrix and x! is the N x1 integrated 


(‘) 


n 


The integrated spread matrix X 
spread vector for the respective ith channel. The complex integrated spread vector x‘’ is 
given by 
() — wld wT 0. 3 wat () 
x’ =W''s d.'c, An Co +] die,+d Co |, (3.35) 


" "tel" lle " 


(i) x 
(i) W a, 3) 
and the I and Q integrated spread symbols are x_; Te] [a c,—dne,| and 


3. Orthogonal Covering Procedure 


In practice, when simultaneous transmissions occur on the same carrier, the 
transmitted signal from each user channel are combined. The orthogonal covering 
technique is applied so that each user data can be separated and recovered at their 
receiver. The orthogonal covering is obtained by linearly combining the integrated spread 
matrix from K channels and is given by 

K 


X=X04 X74. 4x =P xl, (3.36) 


i=l 


where X is the combined N xm integrated spread matrix. 
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4. Complex De-spreading Procedure 


The de-spreading operation is achieved by multiplying each column in the 
received signal X by the NxWN diagonal PN matrix C defined in (3.10). Thus, the de- 


spread combined repeated Walsh matrix is given by 


‘ " < i - i i 1 “ i * i 
Se ey eee ws?) =| YS wilc'en", (3.37) 
llell = lle lta lle lia lel a 
a: Symbol Recovery Procedure 


Before proceeding to the symbol recovery procedure to recover the original 


symbol vector, we define the 1x N repeated Walsh vector w for the respective ith 


channel using method one as 


(3.38) 


~() _ Ey wh). |, hs. Ey wh) wl | 
= age Say = (3.39) 
i=1,2,...,K 


Note that a is the diagonal of the NxN matrix Ww" in (3.33). Thus, the symbol 


recovery procedure is achieved by multiplying the respective repeated Walsh vector a 


with V; hence, the symbol vector D” for the respective channels can be recovered via 
a) a He i 
D=w V=~—Y wc". (3.40) 


lle ll ta 


(1) 


Using channel one as an example, to recover the symbol D we multiply the repeated 
~(l 
Walsh vector 7 from method one with V yielding 
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(w''c’ep! +..+wicen) 


























Ile I 
w) 0 0000 0 
0 0 0 0 0 6 : 
OO: 6°60) | ee eS 
: 
0°00 WO 6 eas © |p j+-. | (3.41) 
(1) os : 
10-10 DAO ON ie cel 
OSD Oost * 
1 1 1 1 000 0 0 0 wi 
=f au ale PLL wl J 
lle || b b wh) 000 0 0 0 
OS Ov SO : : 
00 0 
oowJo oo 0 fo, “1 
000". 0 0 0 0c 0 0 Cc, p”) 
0:0)" .50i ||| S 
000 ow) o 0 4 
Ob corso, ie ene 
0000 0 0 wi) 








Since the Walsh codes assigned to each channel are mutually orthogonal to one another, 


that is w"’ (w'”) =0 for j#i, it can be shown that 

















(3.42) 





= (lc Pao Pr) +(e) (Nes Pte, P)+- + (Wl) (Ley. Pate: P) pe + 


M 





1 
crf cf ++Ic, r)+ wt wl (| Curb ttle, r)+ see wh! wh) (| Cuma h tet ley i" 


0 





and wh yl) feeb whl) 


uo =O Via 


2 2, 
Note that (w!?) =--(w!)) = 15,° Ne, P=s]ey | 
w!(w\*)) =0 for K #1. Therefore, only the symbols for channel one are recovered. 


~(1 
Using repeated Walsh vector o from method two, we obtained the recovered symbol 


vector 
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2! =v =" _(wilc'en' +...+w"c'ep'")) 




















lel 
w)0 00000 
ee ae a | 
oowoo000 fie? Oye 
Y : 
000.0 0 0 nee : © |p |+.-. | 3.43) 
000 0w 0 0 ce | ee 
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Again, it can be shown that only the symbols for channel one are recovered by 











Ic, 
0A [( my( py (vi!) “re (ot) (wt!) (2) le P aie 
i 
al 
aA Cyl) yh) wl |, ri) lag lt wll] I, P ne 
; : 
ley F | 
= a {(+") lc, P+ (»(?) le, F +-+(ul) ae («1)) oe rfp" (3.44) 


u (owl Jo, Paella) fey Ppt wl al” Pll) |e, P p*) 

















Il e ||? 1 1 M N-M+1 
0 
_lle f p! =p” 
le|| 
2 2 
Note that (w!?) =---(w!)) = L; len eaaeer. | and whl) 4. wow) =0 via 


w!(wi*?) =0 forK #1. Therefore, only the symbols for channel one are recovered. 


This yields the final result in (3.44). 
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6. Example 2 
Here, an example using two channels is shown. Assuming QPSK signals, consider 


a row of 2 complex symbols to be transmitted for channel one be p') = | I+j -l-j | 


and channel two be pb” =| -l+j 1-j |. Let the complex PN _ vector 


e=| -l-j 1l+jy 14+) -l-j | , and assume the two channels are spread with the 
same spreading code. Furthermore, let the Walsh codes for channels one and two be 
wl = 1 i if and wl) =| ff i respectively. The spreading factors in this case 


are N = 4 and M = 2, hence, b = 2. The complex spreading matrices for channels one and 


two are given by 


ly —2j 2) 
1 Lp 1 2j -2 
ee a) aed d | I+j -l-j le 4 
I|e|| 2/2 1+] 2/2 oe 
a —2j 0 2] (3.45) 
a] Fc 
1 1+ 1} 
2 © pe 2 a [ -l+j l-j l-— Zz 2 
lle || 2J2| 1+) 9d |) =3.° 
ee 2 2 


Given b = 2, the Walsh vectors for channels one and two have to be repeated two times to 
meet the chip rate of the PN code. The 4x4 diagonal Walsh matrix W is defined such 
that each Walsh chip can be multiplied with each spread chip. Thus, the repeated Walsh 


vector is given by one of the two methods: 


Method one: 

W" = diagonal| 1 i ei 1 | W") = diagonal| 1 1 -1 -l ik (3.46) 
Method two: 

W" = diagonal| 1 1 ak 1 | W") = diagonal| 1 -1 1 -l |. (3.47) 
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With method one, in order to apply Walsh coding, the spread matrices Ss" and §) are 


multiplied with the respective diagonal Walsh matrix, and the integrated spread matrices 


are obtained as 


1000] 27 2 —2j 2j 
xl apg Li) 0 EO OU Ar ey. feat) ee es 
2/2/ 0 0 1 0 Dh aOR | 98) By 29 
Oh Oe des Woe, 27 25. 27 (3.48) 
10 0 0 5 2 2.2 
x?) = weg?) = 1; 0 1 0 0 2) De he eae 2 
2J/2| 0 0 -1 0 || 2 21] avo} 2 -2 
00 0-1 ee, os ee 


Orthogonal covering is achieved by combining the integrated spread matrix for channels 


one and two, which is given as 


aR 2D a) 2-27 —2+2) 
SO eh Ba) Ae Ne Dele Ep eee 2 27 340) 

DDN Oe og aa) 8. oI eal) oo = 20. 08 

Dy DF ey «2 —2-2j 242; 


To perform de-spreading, the Nx N diagonal PN matrix C is defined in (3.10). Thus, 
C= diagonal -l-j 1+j I+j -l-j | and the complex conjugate of C are 


multiplied with the orthogonal covering matrix X. Thus, the de-spread combined 


repeated Walsh matrix is given by 


Aeg 40: Oe D) 2295 <F497 4j -4j 

yve£L ya} 9 Pi 9 0 | 2427 2-27 |_1) 47 -47 | 3.50) 
lel 8} 0 0 1-j 0 2+2j -2-2j7 | 8) 4 -4 
Ose 80 90: sie ll a: 4-4 


Before we proceed to recover the symbols for channels one and two, we have to define 


the 1x N repeated Walsh vector io for channels one and two as follows: 
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w=[r11i11] mw =f11 1-1 |. (3.51) 


~(l 
Thus, to recover the symbols for channel one, the repeated Walsh vector te is 


multiplied with V yielding 


4j -4j 

z=w var | es |) 
4. 4 (3.52) 
ae 


=< s+ay 8-87 [=| 147 -1-s |=D". 


The symbols for channel two is recovered via the following: 


4j —-4j 

Zw v= | oa 4 | 4j —-4j 
A ‘ed (3.53) 
4 -4 


-7 -8+8j 8-8j |=| -1+7 1-7 |=". 


With method two, the integrated spread matrices are given by 


LOCO GN Se7 - ey —2j  2j 
x= (g(t) 1 0 1 0 0 2j -2j > 1 2j 2) 
av2} 9 9 1:0 *| 2; -27 | 2av2} 27 2; 
OO. OL i oy BF -2j 2; 
(3.54) 
1 00 O Di =2. 2 -2 
1 0 -1 0 O 2 2 1 2° 29 
x?) = wes?) = ———— 
949) O-< Ole Oe! oy 2B oa ao 
6 0: 0 +1 o =e, 


The orthogonal covering matrix is given as 
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ie OG a, 97 “494 


Se Oe Se ee 2 ee ah Bead? Seek | aiak 
R90 | 27 229 | Galo) 22> 220" Bap Soy =D 207 
Oy, a2: 32 —2-2j 242; 


The NxN_ diagonal PN = matrix C is defined in (3.10). Thus, 
C= diagonal -l-j 1+jy 1+) -l-j i Multiplying the complex conjugate of C 


with X, we obtain the de-spread combined repeated Walsh matrix given by 


Ae w- 1 | DF Ay aj -4j 

yes _l 0 1-j 0 0 24+2j -2-2; if Ae ch (3.56) 
lle || 8 0 0 I1-j 0 —2+2j 2-27 8| 47 -4) 
O- Wr Oe SRR epee Gaby Wy -2 


The 1x N “repeated” Walsh vector a for channels one and two are defined as 
~()) ~(2) 
walt iii| w s|41—n pi | (3.57) 


Finally, the symbols for channel one are recovered as 


4j —-4j 
z=(1) 1 a 
Z=w Val LJ 1 | i. ee 
4-4 
(3.58) 

aril 8+8) 8-8; | 

=| 1+j -1-7 | 

_pl, 


and the symbols for channel two are recovered via 
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aw val | = eae a a 
4-4 
(3.59) 
= -8+8j 8-8; | 
=| -147 1-7 | 
=p", 


D. SUMMARY 


In this chapter, we discussed the procedures for complex spreading with 
orthogonal covering for fixed data rate channels. The integrated spreading procedure was 
covered in Section B, where the use of orthogonal covering of spread spectrum signals 
was illustrated. The use of repeated Walsh codes/vector to meet the common chip rate of 
the PN codes for the integrated spreading process was explained. The integrated 
spreading with orthogonal covering procedure for multiuser application was covered in 


Section C. Numerical examples were also provided at the end of Sections B and C. 
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IV. COMPLEX SPREAD SPECTRUM SIGNALING WITH 
ORTHOGONAL COVERING FOR MULTI-RATE APPLICATIONS 


A. INTRODUCTION 


In Chapter II, the Walsh-PN complex spreading and de-spreading procedures for 
fixed data rate were covered. The orthogonal covering technique in Chapter III can only 
be applied to user channels with identical symbol rate. For multi-rate transmissions, 
variable length orthogonal sequences must be employed. Different spread factors are 
required for user channels with different data rates. Here, the variable length orthogonal 


covering procedure for multiuser channels with multi-rate transmissions are explained. 


Consider two user channels as shown in Figure 18; channel one has a symbol rate of R, 


and channel two has a symbol rate of 2R,. 





Channel 1 Channel 2 


Figure 18. Multi-rate channels with repeated symbols are shown. 


Note that one symbol of channel one covers the same duration as two symbols of 
channel two. To design a common rate for the two channels, variable length Walsh 
sequences are used. Channel one employs a Walsh sequence with spreading factor of 


eight chips, and the chip rate is 8R,. Channel two employs a Walsh sequence with 


spreading factor of four chips and the chip rate is 2k x4=8R,. Hence, the two channels 
meet the requirement of common chip rate and spread bandwidth. A lower bit rate 
channel is assigned a longer Walsh sequence, and the higher bit rate channel is assigned a 
shorter Walsh sequence. To generalize to the multiuser case of K channels with multi- 


rates transmissions, the orthogonal covering symbol can be written as 
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— 


gwd) wea +0O, gl (41) 


l 1 14 n—(k-1)“ 14+(k-1)? 


(i) 


where w represents Walsh code 7 with spread factor 2”, and d ( represents the data 


symbol from channel i with a data rate of 2 Re where n and / are integers. From the 


(1) (2) 


above expression, Walsh code wr is twice the length of w'', and the symbol in d {1 is 


transmitted at half the rate of d (2) and so on for the K channels. The first term is always 


for the channel with the lowest bit rate, i.e., lowest / and highest n. The Walsh-data 


symbols on the second term onwards are concatenated (denoted by |+|) to meet the 


common rate of the predecessor sequence. This procedure is explained in the next 
section. The number of Walsh-data channels is limited to the quantity of unique Walsh 
codes. As mentioned before, there are two ways to perform the integrated spreading. 
Here, the latter method is used where Walsh coding is performed to explain the 


concatenation of Walsh vector for multi-rate transmission. 


1. Walsh Coding Procedure 


Two channels are used to illustrate the procedures. Let D") be a row vector of 


complex m, symbols to be transmitted in channel one, and D” be a row vector of 
complex m, symbols to be transmitted in channel two. Let the symbol rates for channel 
one and channel two be R, and 2R,, respectively. The transmission data rate for channel 


two is twice that of channel one, hence, m, = 2m, . Note that the data rate factor must be a 


power of two, i.e., 2, 4, 8, 16... To bring the two channels to a common spreading rate, 


we have to assign two variable length orthogonal Walsh sequences. Let the M x1 Walsh 


vector for channel one be wl and the L x1 Walsh vector for channel two be we) where 


M = 2'L. Hence, in this case M is twice the length of L, i.e., M = 2L. The Walsh-data 


matrices sl) and s”) for channel one and channel two are given by 
6) = wlp@ 5?) = wip?) (4.2) 
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(1) 


where the M xm, matrix S‘’ and the Lx m, matrix s) are expressed in the form 


(4.3) 


and where Oe isa M x1 Walsh-data vector and 9) isa LX1 Walsh-data vector. For an 
Oe pls es OP 18 
arbitrary D'’, s’= Dw’ =| d)'+ jd, \w’’. Thus, the complex Walsh-data vector 


takes the form s) = 3) + js") where the I and Q Walsh-data vectors for channels one and 


n n 


two are given by 








st = dy" 3) =d Uw ; ) = dy") ne =d Oy: (4.4) 
Channel| Channel 2 


2. Repeating the Walsh-Data Vectors 
Let the PN code c be a N X1 column vector. Given that N = bM , the Walsh-data 


vectors in S") and S$”) have to be repeated b times. Hence, the repeated Walsh matrices 


are given by 
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wD!) wD wD? 
sl!) ] 1 1 fi 1 1 1 
S| | aol wilol! aldo 
~(1) gl) : care 
: wp? Ope) wip! 
S . 
. 
| wy Dy? WEDS) os wD! 
(WJ (4.5) 
Wp® Ape) wpe) | 
0) | 
S| | wba? we -- wow 
~(2) g) ' ite 
| | | ee weak wok 
S : 
; 
| woe woe aflok 
b b "age ol 





a(t). a2) . N 
where Sis now an N Xm, matrix and S is an ar m, matrix. Thus, in order to 


~(2 ~U 
perform orthogonal covering, S has to have the same common chip rate as S_ , ie., 
same dimension. 

3: Concatenating the Walsh-Data Vectors 

Since the transmission rate for channel two is twice that of channel one i.e., / = 1, 


<(2) 
we concatenate the repeated Walsh-data vectors such that the columns of S "have the 


fod! 
same length, i.e., same chip rate as the columns of 3”. The explanation of the 


concatenate procedure is depicted below for 2' = 2: 
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wipe) Pipe hin! 
2: 
weip®? Pp... we 
gs = : : : : ; (4.6) 
PDE aD wD” 
41 4 2 
2 
wpe) yelp® wip 
41 42 2 
2 





r~(2 
Thus, Sis now an NXm, matrix, and each column consists of two concatenated 


repeated Walsh-data vectors. 


4. Complex Spreading Procedure 


To perform spreading, each column vector of the repeated Walsh-data matrix has 
to be multiplied by the PN code c. We have to define the Nx WN diagonal PN matrix 
given by 


C= diagonal| Ci. Mies ae i (4.7) 


2 


and the integrated spread matrices for channels one and two are given by 


0a £30 x68 as 
lle lle || 


where X") and X” arean Nx m, integrated spread matrices. 


5. Orthogonal Covering Procedure 


The orthogonal covering is obtained by linearly combining the integrated spread 
matrices from channel one and channel two and is given by 
2 


X=XV4x7 = xl), (4.9) 


i=] 
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where X is the combined N xm, integrated spread matrix. 


6. Complex De-spreading Procedure 


The de-spreading is obtained by multiplying X with the complex conjugate of the 
NxXWN PN matrix C. Thus, 


page et Cf, C8") CCL 8 8") (4.10) 


lel] lle (fa lee lle ll llellel| 
























































30) r 5 
: 5 | ule) ... wep’ 
wlll ol 
: 2 2 2 2. 
6006.0 Ci 0 wip! wipl wr) p”) . wl?) De) 
rt ol 0 C, 0 0 roa | . 22 ie ; 2 
00 0 ce 000¢, we 'De ow, Di, w, Pa Ww, Ds (4.11) 
NxN NxN ( ; ( ; ( ; ( : 
| war Warm | | yl De?) ... wep) 
Nxm, L 34 i | 
Nxm, 
Vy 123 1m, 
= Voy Vo Vom, 
Yui Ya “"" Yuin, 
Ts Symbol Recovery Procedure 


To recover the original symbols for channel one, we can define the 1x N 


PAU 2s 
“repeated” Walsh vector w given as 


ie [uf ntl | ea [el (4.12) 
1 b 
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and the symbol recovery procedure for channel one is achieved by multiplying the 


~(1 
repeated Walsh vector oe with V. Hence, the symbol vector D") is recovered as 


follows: 
























































Ile IP 
Au) 
= 
wt 
f6000fcoo00] , 
1 a). () 0) () O%.-07 00) Due, 0:0 wu () 
~ 2 [ au , | w wi) | . : D+ 
c|| 0 0 0 || 00. 0 1 
ba 000c |000c,]™ 
a |, 
NxN NxN 1 
Wu 
—— (4.13) 
A 
WIDE). WD 
2 
ce 0001c¢00 0 | wp? 6 ti 
1 1 Ee 1 w, D* 
| ) 0) ( On acrid 0c, 0 0 
a Net pt) sacay 
lle |? | "| | "| 00.0 oo. 0 | wd? 
41 
0 60.6, || 0 OO, (2 wD 
0) 72) : 
‘ a wD 
Pa 
Ww, 
lof 0 0 0 ? 
1 alt 0.07] 9 lero 0 | | 
1 1 1 1 is 1 
= | [ 1 al , | ; 17] ‘ : : |DI'+ 
Ile || 0 0 -% 0 i 
2. Ww 
0 0 0 fe,| 
(1 
Wu 
wp”) . wpe 
2 
2 2 
\é PrP 0 0 0 wp) welpe) 
1 () 0) (1) ai 0 |eP 0 0 z 
oF [mere Pere ee 
al Dente TT go 0 ff oD? 
2 34 2) (2) 
0 0 0 Icy | ‘3 W Ds 
2) H(2) : 
wD 
: ae wh) De) 
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m2 


(2) 
Since S_ is Walsh coded with we?) it is known that (as explained in Chapter III) the 


product of two different Walsh sequence is zero. Hence, it can be shown that 


Z') = | («) ler +(l)) evan tot (wl) eeigal: +-(w))) |e, a + 








Hell (4.14) 
1] 4 4, A, 
lelPf o 0 SY 
and A =0 for i=1,2,---,m,. For example, 
wh) pe) 
IF 0 0 0 | wp 
5h Q)() () 0) 0 |cf0 0 
reFll™ why boa 0 0 0 | wD 
0 0 Ole — 
wpe 
“af 
(wf? Le, ° ttyl) [es ? eee why?) ey De + 
ae 0 (4.15) 


Ve (of begat HE Legcaa Pt we Ley PDE 
2 





0 


= 0. 


(1) (2) 


Since w’’ and w*” are variable length orthogonal codes and mutually orthogonal to each 
~()[ ~) ~02) T a ene PON an tie tore 
other, w |w ,w | =0 , where wis given in (4.12) and w ~ is given in (4.19). 


Hence, 


(le, P+ le, P +--+ ley P)D” Hell nO) _ pl, (4.16) 
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To recover the symbols for channel two, there is an additional procedure that needs to be 


~(2 
carried out. We know that g' ) is available in V and the received matrix V isa N xm, 


matrix. We have to define the matrix V such that it becomes a (Nv / 2)x m, matrix. This 


can be done via mapping V > Vv and is given by 





ie, “Mig Vim Yow 
+1 Il —+1 |m 
2 2 } 
> Vo. Vag Vom ~ ah y 5 ~(1) ) 
V= 3 ayn |= 8 +8 (4.17) 
Voge Vag My Yigg 08 ig 
=l1 2 —m, : 
2 2! 
N 
3m 


Note that m, =2m,, therefore, the matrix V has the same number of elements as V. For 


example, the (Za) to N rows of V is shifted and concatenated with the 1 to N/2 


rows of V. The matrices 


which are given by 





A~(1 ~(2 
S and S are the resulting de-spread outputs from mapping, 





w\ ( WwW 2 wi Dn, wl wi Dn, 
. (1) (1) = (1) (1) = (1) 
"= wD wD + wD wD wD 
wl)” wi!) wae) wip... wD 
® (4.18) 
2 My 
WD WD? we) p®) we) p®) WD. 
* bw Pay : 
2 2. 
~(2) 1 wD Bs wh”) p?) wh) p”) wWDs 
* TelF Boe 
wr) Be yw) py w,)D” WDE {) De 
2 2. 
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where Di =1,2 is the version of the respective transmitted symbol scaled by the de- 


. N : 
spreading factor |c |’. Now, we define the “repeated” 1x — Walsh vector given by 


=) _ [ wf)! |, ba | wf) =v) | as 
1 b 


Finally, the symbols for channel two can be recovered from 


7?) — sue _ 2w"(s" +8") 











wD. ws wl) Din 
= Bf [oP os [oP] af ale Pw |e (420 
lle IP ; ae 
wD) wl De! wl Dm 
0 
wD? we? ... De 


fu nak] a [tt] WB? WD? ... wee 
EEE REE’ . : 

















2 2 f 
ic Pale P+-tle, P[pD?=— Mel pep? ary 
IIc | 5 le|F 2 


Note that the column dimension of Vv is N / 2'= N/2. Thus, we have to multiply the 


scaling factor of 2'=2 to normalize the energy for each recovered symbols. Hence, we 


can see that the spreading gain for each symbol is reduced by the factor of two. 
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8. Example 3 

Here we show an example of using two multi-rate channels. Let 
bp” =| I+j -l-j | for channel one, and pb” =| fey dey Slag ag | for 
channel two. The transmission rate for channel two is twice the rate for channel one. Let 
the complex PN vector c=| It+j -l-j -l-j -l-j 1+) -l-j 14/7 1+] | 
and assume the two channels are spread with the same spreading code. Let the M x1 


Walsh vector for channel one be wl) =| 1-1 1 -l ] and the 1x1 Walsh vector 


for channel two be wr) =| 1 1 Q The spreading factors in this case are N= 8, M=4 
p g 


and L = 2. The Walsh matrices for channels one and two are given by 


1 lj) =by 
gl) = yp =| —1 [ ee ee | “ay eg 
1 ley a= 7 
=I = ae ame ay 
§) = wp’) -| ; I 1+j 147 -l+j 1-j | (4.22) 


a) egy deep elas Tay 
Le dey ale ley |): 


Since N = 2M, the Walsh-data matrices are repeated two times, and we have 


wp) — wll 


l+j7 -l-j 
-l-j 1+ j wD?) wD? wp) — oD?) 
1+j -l-j It+jy 14+j7 -l+j/ 1-j 
ae steg: ey ae Pe Tey the ty (4.23) 
1+j -l-j It+j7 14+j7 -l+j 1-j 
-l-j I lt+j I+j 1l+y7 -l+j 1-j 
l+j7 -l-j 
-l-j I lt+j 


ST 


The transmission rate of channel two is twice that of channel one. Therefore, we 


a (2 . 
concatenate the repeated Walsh vectors from S so that it has the same chip rate as 


channel one. The concatenated Walsh matrix is of the form 


1+ j 1+] 
1+ j 1+j 
I+ j 1+j 
ie ee el See (4.24) 
wpe) yp pl) —l+j 1-7 | 
-Il+j 1-j 
-Il+j 1-j/ 
-Il+j 1-j; 


as A(2 
To perform complex spreading, each column of § and Sis multiplied by the 


complex PN _ vector c. Thus, we define the NxN _ complex PN _ matrix 
C = diagonal| I+j -l-y -l-j -l-j 1l+j7 -l-j 1+j 1+/ it The integrated 


spread matrices are given by 


























1+j 0 0 0 0 0 oO 0 l+j -1+j Qj 2; 
0 -l-j 0 0 0 0 oO Of -Il-j 14; Qj 2; 
0 0 -l-j 0 oO 0 oO 0 l+j -l-j Di 2; 
gj ¢€ _1 0 0 0 -l-j 0 0 0 Of} -I-jf 14+f |_1] 27 2 
llc|| 4 0 0 0 0 14+) 0 oO oO ley -I-y | 4) 27 27°) (4.25) 
0 0 0 0 o-l-j OO Off -I-j 14; Qj 2 
0 0 0 0 0 0 14+j 0 l4+j -l-j Qj 2 
0 0 0 0 0 O° OidegF: |teleg' hey —2j 2] | 
1+j 0 0 0 oO 0 oOo oO l4+j l+j ay 2 
0 -l-j 0 0 0 0 Oo 0 l4+j l4+j 27 -2j 
0 0 -l-j 0 0 0 oOo 0 l+j l+j 27 -2j 
gc et 0 0 0 -I-j 0 0 oOo oO I+j I+j |_1} 9; 9; 
Il¢| 4 0 0 0 0 1+; 0 O Off -l47 I-y | 4) _,) 4 
0 0 0 0 O-l-j OO Off -l4j7 1-j 2 2 
0 0 0 0 0 0 l4+j Off -l4y 1-/ 2 2 
| 0 0 0 0 0 0 Ooty | alep Teg ob 2 2 | 

















The orthogonal covering is achieved by linearly combining the two integrated spread 
matrices to get 
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2j 2 of 2; 4j 0 
2j 2; 99 2b: 0 jj 
=2y; Dy ee, a) ® 

ep ur ee 2j 2) eel map 2 F | 0 san) 
2j -27 | 4 _» 4 | 4] -24+27 2-2, 
2j 2 > 2 2+2j -2-2j 
27 2 2 2 —2+2j 2-2; 
—2j 2; 2 2 —2-2j 2+2; 


. (4.26) 


To de-spread, we multiply the complex conjugate of the N x N PN matrix C with X. The 


de-spread repeated Walsh matrix is given by 


= rene 








iy 0 0 0 0 0 0 0 
ae ee 0 0 0 0 oO 0 
0 6: Sty 0 0 0 oOo 0 
ce | 0 0 0-47 16 0 0 0 
“fell 16} 0 0 0 0 1-; 0 0 0 
0 0 0 0 O-l+47 0 0 
0 0 0 0 0 Oia Ww 
| 0 0 0 0 0 0 oly; | 
L asa; 0 | 
0 444; 
4+4j7 0 
Syl! 0 44+4; 
I 
-4 4 
4j Aj 
L ot 4 | 








4j 0 
0 -4 

4] 0 

GO: tz 
Ey 8 a a 
D497) 305 
wee 9205 
a 


(4.27) 


To recover the original symbols in D for channel one, we define the repeated Walsh 


vector 





where the recovered symbols for channel one can be obtained via 
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(4.28) 








-—| 16+16j -16-16j lel I+j -l-j 


set (4.29) 


To recover symbols for channel two, we have to map the de-spread 8x2 Walsh matrix 


V toa 4x4 matrix Vv via mapping V > Vv in (4.17). Thus, the new de-spread matrix is 


given by 


4447 0 4j 4; 
~ 1| 0 4447 4 4 
16] 4447 20 47 4; 

0 4447 4 4 


where the repeated Walsh vector for channel two is given by 
~(2) 
yeh a ae ar Ih 


Hence, the recovered symbols for channel two is given by 


4447 0 4 


2) rs _ 2. 0 444; -4 
Z) =2'w re i it | 
0 444; -4 
=" 8+8j 8+8/ 848; 8-8; | 
g 


=| 14/ [+7 ley 17 i. 


4edy 0. Ap Ay 


(4.30) 


(4.31) 


(4.32) 


Note the scaling factor 2' = 2 is used to obtain the unit energy for each symbols. 
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B. SUMMARY 


In this chapter, we discussed the procedure for complex spreading with 
orthogonal covering for multi-rate data transmission. The Walsh sequence in the higher 
bit rate channel must be concatenated to meet the chip rate of the lower bit rate channel 
before orthogonal covering can be performed. Since the PN codes are spread across the 
concatenated symbols, the spreading gain for each symbol is reduced. The procedure was 


illustrated via numerical example. 
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V. FADING, NOISE AND INTERFERENCE 


A. INTRODUCTION 


We covered the integrated Walsh coding and complex spreading procedures for 
multiuser channels in Chapter III and multi-rate applications in Chapter IV. In this 
chapter, we apply the orthogonal space-time block codes signals in Rayleigh fading, and 
noise and interference as well as the maximal ratio combining operation to our signal 


model. This procedure is illustrated in Figure 19. 


User Channel 1 


V/Q Walsh Complex RF 
Repeat Repeat 
Modulator Sequences Spreading Upconvert 





User Channel M 


Figure 19. Integrated spreading MIMO signal with orthogonal covering procedure and 
OSTBC is illustrated. 


In our extended channel model, the received signal may be corrupted with fading, 
noise and various types of interference. At the receiver, the received signal goes through 
de-spreading, Walsh recovery and MRC operations. In order to find the noise power of 
the sufficient vector statistic out of the MRC, we must analyze the noise and jammer 
transformation after the de-spreading, Walsh recovery and MRC operations. In Chapter 
II, we discussed the application of OSTBC and the MRC techniques, and now we include 
them in the procedures. 

In a fading channel, multiple attenuated copies of the received signals are 
available at the input of the MRC combiner. Single-antenna receiver do not have the 
ability to separate the copies of the symbol. The use of transmit antenna diversity and 
time diversity can provide the receiver sufficient statistics to separate the copies for 
combining. This can be achieved by applying OSTBC in the transmitter. 
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B. INTEGRATED SPREADING WITH OSTBC SIGNALING IN FADING, 
NOISE AND JAMMING FOR A FIXED DATA RATE CHANNEL 


In Chapter HI, we explained the integrated spreading procedures without noise 
and interference. Now, we add the OSTBC to the integrated spreading matrix X in 
Chapter III. Our work is an extension of the result in [2] where orthogonal covering was 
not considered. 


I Received Signal with Noise and Interference 


We extend the procedure in (3.7), where the N xm integrated spread matrix X is 
given as X= WS. When the signal goes through an AWGN channel and jamming, the 


received signal is given by 


Y = XH'+N+J=WSH'+N+4J, (5.1) 


t 
where H is the channel tap matrix given by H=| h, h, + bh, , and L, is the 


number of transmit antennas. In this case, H isa L, xm matrix and X isa N Xm matrix; 


thus, y=| Dee ar, | is a NXL, matrix. The received noise measurement 
t 
N=| nh. Dy. ms | , and the jamming interference measurement 
t 
J -| | a ene Pe | are also N XL, matrices. The proof of the received signal via 


Alamouti code is shown in the Appendix. 


Ze Complex De-spreading Procedure 


Given the received signal Y, the de-spread vector is given by 


C , 
Te) ete Tbs (5.2) 


64 


* 2 


where n, = ie and j,= lel are the de-spread noise and interference matrices, and 
c c 


the de-spread signal v, is given by 





Cc C wc 
v, = XH’ = —WSH' = ——“ pH’, (5.3) 
Ile | Ile | lle | 
where v, isa NXL, matrix. 
3: Symbol Recovery Procedure 


The symbol recovery procedure is performed to extract the attenuated symbol. 
Again, we define the 1x N repeated Walsh vector w and multiply it with the de-spread 
vector V. Thus, 

Z=wV=2,+n,+i, (5.4) 


where n, =wn,, j, = Wj, , and 


; eee _wWwC'e 
: pe ele 





DH' = DH’ (5.5) 


is the recovered signal. Thus, the received vector Z is a 1x L, matrix. It is clear that the 


desired symbol sequence D is available in Z,,, which is scaled by the channel tap matrix. 


4. Detection via MRC 


Finally, we can detect the symbols in D via MRC. We assume the channel matrix 


H ‘ 
is known via channel estimation. The MRC operation takes the form Z—., where H 


|| h | 
is the complex conjugate of the mxL, channel tap matrix H, and the final received 


symbol vector in noise and jamming interference is given by 
H 
Ve ee (5.6) 
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* o * 


H HL 
where B=z,, >In n, “Mora ant i,= joa . Hence, the dimension of U is xm, 


which matches the original transmitted symbol vector. Without any noise or interference, 
the recovered vector U is simply 
H H 


B=z,——=DH’—=D|h|I 


mem =| || D (5.7) 
? Ih || ||| 


where D, which is scaled by ||hj|, is available for detection. 


C, NOISE AND INTERFERENCE POWER CALCULATIONS FOR FIXED 
DATA RATE CHANNEL 


Recall that after symbol recovery, the received measurement is (5.4). We need to 


* * 


C BG 
find the covariances of Nn, = wn, = Sri and j, =Wj, = sre , where J is any of 
c 


the three jamming interferences we consider: barrage, pulse-noise, and tone jamming. We 


also need to find the covariances of the MRC output n, =n, aT hl’ and Jp = Ip ||| 


1. Receiver Noise 


After the signal is received, the noise NV x L, matrix N is given by 


; 12 IL 
n Ny, Nyy Ny) 

N= aa (5.8) 
ny Nyy Ny Ant 


* 


If n,, = wn, = =woN, then its covariance is given by 
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cov(n,)=F[ ju, |=E Gs) (@ 


x] (5.9) 
lle || 


Ile || 


where + denotes the complex conjugate transpose. For notational convenience, we define 


the repeated 1x N Walsh vector given in (3.12) and (3.13) as 

















M M for method one 
Ee ae >? (5.10) 
a Ww, Wy Wy, | ’ [ww -w,, | 
w= [ 2 MD ; Woe oe for method two, 
1 b 
where N = bM. The de-spread noise vector is 
i 0 0 0 nm, Mp My, 
~C 1 0 ¢« 0 0 nN, Nn n 
n,=w——N=—_| w WwW, Wy | a ea an 
lell lel O10" "30 
IxN * 
OO) Oe, Ae Myr, 
NXN NxL, 
5S is a hs alg 
‘ ‘ * (5.11) 
oa Ww a Olen, Syl: ee 
si 1 2 N : : 
lle ll 
IxN * * * 
Cy Nyy Cy Ny Cy 1, 
NXL, 
t 
N * 
wen 
a=l| aa al 
1 WC. 
= =] aaa 
Ile ll 
a1 Maar, 





where n, is an 1x ZL, vector. Its Hermitian, which is a L, x1 vector is given by 
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t me: t Cet 
ny, = ———_ = —— 
Il ¢ || Il ¢ || 
* * * i | 7 
Ay My, Ay, c 0 0 0 w, 
* * * 
nf A Ts Wy Nv» 0 c, 0 0 Ww, 
Il ¢ || : 00°. 0 
we : 0 0 0 
Bie Noy, Nn, Cy Wy 
| | 
L,XN NXN Nxl 
* * * =] 
MiGiy Toi OO thie Ww, (5.12) 
* * * . 
= 1 My My, Ny Cn Ww, 
le ll] =: Dt 
* co * 
Tas ey ag: My Cn Wy 
a 
L,xN Nxi 
a 2 
1, a” 
a=1 a 
1 yy" nc Ww 
=. a=] 42a a ; 
lel . 
N * 
a i a c,W, | 
L,xl 
The covariance is 
cov( )=E[n'n, | 
7 a 
N * N * 
Dae Maca > Wie na (5 is 13) 
N N 
=—E val OKA 1 Des aa! a2 
Ile || Ile |l 
N 
es Ma aa a= WC Map, 
L Lxl IxL | 
N N 7 N N Wf 7] 
paar El W,C; My MCW, | ee Et w,c wie | 
N N Fe yor 2 
= 1 Dae aE WiC; ICM, oc pipe ye Ween, MarlaMa | 
2 
lel | 7 ) 
N N 5 Nor 7 
pen BI Wren Cas | > _El WiCiMyy, MaMa | 











Since the sampled receiver noise is AWGN, we know that 
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(5.14) 


N 


* N ‘ 
wecw,=)> J¢, |. Thus, the covariance 
a 


N 
< 2 Pee te 2! 
and since w=w,=--w,=1, Di ies Baa a 


(5.13) reduces to 





Ie, fo? 0 0 
I 0 "EG 336 0 
(Me) TB Zealeafor GIS) 
0 0 ~ > lato 


, N ; Pas 
Since, || ¢ |= al c |’ , the covariance is simply 


cov(n, )=o7] (5.16) 


n LXxL," 


* 


H 
The MRC noise vector is given by n, =n Tay Hence, the covariance of the MRC 


noise is given by 


I aes er 
ee || (5.17) 





t * 


h 
H' H , HH 
n =C, 2 
h||||h|| || h || 
h 
h 

















2. Barrage Jamming 


Here we consider the jamming due to barrage noise, which is modeled as 


broadband noise, i.e, AWGN. For an un-spread system, the jamming sample is 
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distributed according to CV (0,03) , where the notation stands for complex AWGN with 


i ; . 2: 
zero mean and variance o-,. Let the variance of the complex noise sample be o.,. Thus, 


for a spread spectrum system, the power of the noise is decreased by the spreading gain 


ae 2 _O% 
N. The complex interference sample is then distributed according to CV 0,0. = wl 


After the signal is received, the barrage jamming N x L, matrix is given as 


J, QP, Py Pi, 
J,= Jn J} Pa Po2 P,, 
Jy Py Pro Pur 


: ea ; ; eid 
If j, = Wj, = ~—J,, then its covariance is given by 


lle 


* t * 
. ae ome. o ne Si 
ov.) efii=€ [ah Gry 


The de-spread jamming vector is 
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(5.18) 


hom 























c 9 0 0 %, Pr Px, 
j Bees J eee [ W. w | OS ae DB Pa Pre Pr, 
BT BO 1 ge ES N . : 
Il ¢| Ile || 00%. 0 Do ae ; 
1xN * 
0 0 0 Cy Px, Po nz, 
NXN NXL. 
CP, CP C, Pi, 
1 CQ, 60 Co 
= [mm my | 2V21 2122 221, 
1 2 N : . p 
Il ¢| : : ; 
1xN * * * 
CyPu1 Cv Pn Cy wr, 
NxL, 
ra 
N * 
YMC. P 2 
1 N * 
= YM C.P a2 
Ile | : 
N * 
x a=l WC Pat, 
Ix, 


and its Hermitian is given by 
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(5.20) 


* t 
2G Cs 
oT _y7i 
i,=|w—J, | =Jt—w 
: f lle ll | *llell 















































Yi, Pr, - Oy; CG 0 0 YW, 
= 1 Pi, Po Py» 0 C, 0 0 W, 
lel ; 0 0 0 
Pi, P,, Pm, 0 0 0 Cy Wy 
a) 
LXN NXN Nxl 
ee ee Vee (5.21) 
= 1 PiO, Poly 7  Pyr€y Wy 
lel} =: ie. ea: +8 
Pir Par. Omen Wy 
a 
LXN Nx1 
>. Pac. aoa 
= wt es 
Ile || 
we Pare a W, 
L,x1 
The covariance is 
cov(j,)=E| j,i, | 
2 y : = 
* One a Ww, YP a1 (5:22) 
N 
=E—E ak Poa, A Des WC, 42 
Ile || Ile || 
N 
Pun€ a Ww, ae WC Par, 
[ Lxl IxL, | 
[ N won 5 N wow 7] 
pe nel W,6,P Pare a W, | as pie wr) WiC, 01, Parl a W, | 
N N 4 rv 4 = 
—_ 1 py ye W,6,0 51P2€ a wal Sie LE WC,P up, Pare a Ww, | 
lelF . : . 
N N 7 N N T 7 
ae El w C1 iP a.€ a W, | yao El w, 59 1, Par, a W, | 








Since the complex noise sample is AWGN, we know that 
qe 


2 
*]_O3 = —_ 
El 9,¢;, |= ia i=k, j=l (5.23) 
= 0, otherwise 
and since w =w,=--w,=1, a he W,C,C,W, = YI c,/. Thus, the covariance 
(5.22) reduces to 
2 
Oo 
ye Je PS 0 0 
a=| @ N 
2 
Oo 
Me sil 0 _ fe p 0 
ov lbe)=Top Dele y , 6.24) 
0 0 >" Ie P ee 
a=|' @ N 
and since ||¢ |= yi c, |, the covariance is simply 
o 

cov(j,)= a i (5.25) 
The MRC interference vector is given by J, =J, jh] . Hence, the covariance of the MRC 


noise is given by 


cov(j,)=EL fri, |=E (ig) (25) 











_o, H H 

ON |b) 2 | hf] (5.26) 
_9, WW _o, WH 

— N |biiibl 4 Bip 
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3: Pulsed-Noise Jamming 

Here we consider pulsed-noise jamming, which is broadband noise received in 
periodic spurts. The period or duty cycle is determined by p (between 0 and 1), which is 
the percentage of time the jammer is on. When p=0 the jammer is consider off, and 


when p=1, it is consider barrage jamming. For a spread spectrum system, the complex 


2 
P 


ro 
interference sample is distributed according to CV Ga . After the signal is received, 
p 


the pulsed-noise jamming N x L, matrix is given as 


i, Wi Mie ie, 
sya] fal Yo te oo He | 627 
jy Yur Yuo oo Wu, 


* 


: ; Cc ; ee 
If jp = Wj, = ~—J,, then its covariance is given by 


lle 


a t e 
1J=E st =E pares. lel a 
cov(j,) iti, | (*< ‘ Ga | ( ) 


The de-spread jamming vector is 
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C. 0 0 0 Yin Wi Van, 
os Oa 1 : 
jp=w— =| w WwW; wy | © ae Yo Wn You, 
lell © llell 00%. 0 
IxN ‘ 
0 0 0 Cy Yui Yue Vu, 
NXxN NXxL, : 
CW, CW, CV (5.29) 
=| w, , Wy | CW OW» OW 1, 
Ile || : : : 
IxN 6 * * 
CW vive CyV wu, 
Nx, 
4 
N * 
> ae 
N * 
—_ = ia! ae We a2 
Ile || : 
N * 
Se WCW ar, 
IxL, 
and its Hermitian is given by 
cy ee 
+f a t on 
jp =| w—_J, | =J,—_w 
° Il ¢| | "lel 
Wi Wa Yui Cc, 0 0 O | 
_1|] ¥en Ve Wu2 | 0 « 0 O | w, 
lel]: 00°. 0 
| Mu, Voy, Vu, || 9 9 9 ey | wy 
LXN NxN Nx1 
Pe %, . : (5.30) 
Wil, Wae, Vien Ww, 
Ss Wi, Wn W yolw 2 
lel]: 
| Pa Wai Ven Wy 
—— 
L,.xN Nx 
[ N * 
oat al©a a 
N * 
ach ae ala Ma 
Ile| 





N * 
[ a ee W, 


Lxl 





fe 


The covariance is 


cov(j,)=E ji, | 


























t 
N * N * 
at al©aa ee WoW a 
N r 
= E| —— a Vat a Ww, pe ys We a 
jal lel . 
N i 
We a Ww, » a=l Wie ar, 
[ Lx IxL, | 
[ N N | N N 
ya El Wy CMM iC. aa} > ky 
N N I N N Pr 
= eal ae a ELw OM Mon a W, | — pe 
2 
lel . : 
N N 71 N N P 
>a ‘EL w CM Van, a W, | > a=l Ds E| w, 
Since the complex noise sample is AWGN, we know that 
2 
Oo 
Ely,w;, |=—5. i=k j=l 
i? kil pN 
= 0, otherwise 
. (eae ee eee N = i 2 
and since w =w,=--w,=1, yy: 5p C,C,W, Dy ahealra 


(5.31) reduces to 


N 70 
yi jee 0 Leela a 








(5.31) 
WiCM o, Wc a W, | ] 
Ma Wie a W, | ] 
WOM ur, Vine a , | ] 

(5.32) 


Thus, the covariance 


0 
2 , (5.33) 
iy | p Op 
a=1 a pN 
(5.34) 


* 


. HL 
The MRC interference vector is given by J, = ara hl . Hence, the covariance of the MRC 


noise is given by 


cov(j,)=E| ji, |=E is, EI vn) 








2 t 
pN ||h|| *% ie (5.35) 
pN ||h|j||h || Sai, 
2 
Op lh, Op, 
pN h 2 ~mxm pN mxm 














4. Tone Jamming 


In tone jamming, the interference is caused by an interference tone at the carrier 
frequency. This results in a phase offset when the passband signal is downconverted to 


baseband. Recall from (5.1) that the interference prior to de-spreading is 


J -| Iq Dy. OP Ag | , and an arbitrary jamming interference j is given by 
A, a - _j6 Ai ' f 
=| % % -- @ |= al SR Be vk Bre I; where A, is the amplitude o 


the carrier tone. After the signal is received, the tone jamming N x L, matrix is given as 


e Mu e Pn e Hi) 
A — J, — jO55 ~J6, | 
es eae e (5.36) 
2 : : a : 
e fn e J0,y Jin 


and the de-spread jamming vector is given by 


fe: 














é 
Cc, 0 0 0 eu en Py. 
* ‘ 
_j0 _ 76 -j9 
ae A, 0 C, 0 0 eV ere 1. ett (5 37) 
= 9 1 2 Wy d : : : : : 
II ¢ || 0 0 -. O : : : : 
IxN : _ 
: 0 0 0 ct Yl gin eri oe 
NxN NxL, 


* 76 * 30 * —j0, 
Wee" bwic ee Pest wie ere 





11 De) N 
* — J, * — J55 wie * — J, y 
re A, woe + w,c,e€ sete WC ee 
2\|¢| 


* ~ 79, ‘a ~ J, = ~ Ji 
wee i W,C,€ area Wy Cy 


It can be shown that the tone vector is given by 


qt 


ne w, (c’, - J¢),)(c086,, — jsin@,, ) 


ee ye w,(c, — jc,,) (cos, — jsin@,, ) 











J — 
e* 2Iell 
N * LO a8 
Dw, (Ci, — ie), }(c0s9,, — /sind,,, | (5.38) 
is | 
N ba fn 
bee w, (c, cos@, — Co, sin8,, — JC, COS G = Jer sin@,, ) 
N ; ee 
Z A; Dy w, (c, cos@, , Cay sin6, , SCs; cos6, — jc, sin@,, } 
2|le || 
N — 
ae w,(c, cos@, , ie sin@, , eee cos@, , aa (om sin@, , 


| 


Note that C. =c, and ome =C,,- Since the chips are real constants of 1 and —1, w can 


la 


be all 1s or an even number of 1s and — 1s. We assume that there is an even number of 


chips in the PN code since the Walsh sequences are always even. Furthermore, assume 
N N 
that the number of 1s outnumbers — 1s by a such that ee W Ci =e W Co, = 0. Then 


(5.38) can be simplified to 
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ald 


(cos@, — jsin@, )—(jcosd, + sin@, ) 
6, — jsin@, )—( jcos@, + sin@ 
io=( A J (cos ,— jsin ye , +sin ») 














(coso, - jsind, |-(jcos0, +sind, | (5.39) 
i — 0; - — JO, ‘ 
e”'— je 
sd) eh ase” 
2\l¢|| 
~ J, . — JO, 
e "je" 





Note that if @=0, the tone jamming is completely nulled out. Thus, the covariance is 











given by 
° e t e 
cov(j,)=E (i,) Jo 
eo + je” ef =je™ 
_p| 24] et tse [ad] eo je™ 
2\|¢|| 2\l¢|| 
ett jen" ere je” 
FS TS le) 
Lx IxL, (5.40) 
| ak 20s a8 oO 
= aA, 0 1: 0 
Pell) e- Fe 
00: 1 
L,xL, 
2: 42 2 42 
_o A, _a Ay 
2 | Cc \/ Lx, 4N LXL,? 
where I, is an identity matrix, and ||c ||/=2N. The MRC interference vector is given 
by Jp =Jy [hy . Hence, the covariance of the MRC noise is given by 
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cov(j,)=E| ji, |=E Galt 




















_ a A, HI H 
4N || || h| (5.41) 
_@ A HW Ho’ A, HH 
~ 4N |hi|hl| 4 aie 
_O@ AIP, _ oA 
4N |h|[P 7™ 4N 0" 














D. INTEGRATED SPREADING WITH OSTBC SIGNALING IN FADING, 
NOISE AND JAMMING FOR MULTI-RATE CHANNELS 


Here, we include the OSTBC to the noise and interference analyses of multi-rate 


channels in Chapter IV. 


1. Received Signal with Noise and Interference 


Here we extend the procedure in (4.9), where the N x m, integrated spread matrix 


C (=) 22) 
X is givenas X=X,+X,= “(3 +S i When the signal goes through an AWGN 
6 


channel and interference, the received signal is given by 


Y=XH'+N+J, (5.42) 
where H is the channel tap matrix is given by H=| hh, - hh, ,and L, is the 


number of transmit antennas. In this case, H is a L,xm, matrix and 
x=| XX, x, is a NXm, matrix; thus, ¥=| Ye ee eS Py is a 
1 2 


t 
NXL, matrix. The received noise measurement N=| MM "MG, ie and the 


t 
jamming interference measurement J -| ji, Jj jy | are also N x L, matrices. 


2 
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2, Complex De-spreading Procedure 


Given received signal Y, the de-spread vector is given by 


* 


Cc ; 
Veta ee (5.43) 
c 
where n, = ia and j,= lel are the “de-spread” noise and interference matrices, 
c c 


and the de-spread received signal v, (without noise and interference) is given by 


We xW eS [S48 e. (5.44) 
Ile || lel 





where v, is a NXL, matrix. The proof of the received signal for channel two via an 


Alamouti code is shown in the Appendix. 


3: Symbol Recovery Procedure 


The symbol recovery procedure is performed to extract the attenuated symbol. For 


~(I 
channel one, we use the 1x N “repeated” Walsh vector ie given in (4.12) and multiply 


it with the de-spread vector V. Thus, 
Zz) = w V= zl + n’) + i? (5.45) 


(1) 


D 


(1) 


~(I 
: a i. Using (4.16), we have the received attenuated signal 


~(I 
where n Sy ahs j 


without noise and interference in the form 


-~(1) 
Fee _w c'c[8°+8" a") =p" (nH) (5.46) 


D s 
lle lr 





(1) 


isa L, xm, matrix. Thus, the received signal Z') isa 1x i 


(1) (1) 


D 


The channel tap matrix H 


matrix. It is clear that the desired symbol vector D‘”’ is available in z’”, which is scaled 


by the channel tap matrix. 
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For channel two, we assume that the mapping of V > Vv is performed in (4.17), 


where V is nowa (N / 2\x L, matrix given by 
V =Vstnst jg, (5.47) 
where ms and j, are the mapped (N/2)x2L, matrices. Now, we use the 1x(N/2) 


~(2 
repeated Walsh vector a‘ given in (4.19). The recovered attenuated signal is given by 


2?) = WV = 22) 400) + (2), (5.48) 


D 


(2) 


as Sas he : i? = ere and 


where n 


2) = eee ow” [s” + $ (n"") =p”) (He ) (5.49) 


is the recovered attenuated signal without noise and interference. The factor two is the 
normalization factor. Note that Vs is the de-spread (Nv / 2) x 2L, matrix without noise and 
interference. The received signal Z”) isa 1x2ZL, matrix, and the desired symbol vector 
D”) is available in 2”) , which is scaled by the channel tap matrix. The channel tap 


D 


matrix H'”) in this case is the mapped 2L,xm, matrix. For example, using D” in 


example 3, where D”) -| p") DY”) Dv”) pD”) i; the channel tap matrix H”) is 


1 





h h 0 0 
an -h 0 0 
ne S|- 2 (5.50) 
00h A 
0 ee 
2L,xm, 


The recovered attenuated signal without noise and interference is given by 
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h h, 0 0 
' h, -h 0 0 
2?) ~ pb” (H”) = pe) pe) pe D”?) | 2 1 A 
0 0h kt 
Ixm, 0 0 h, hr 
m,x2L, 





4. Detection via MRC 





un!) 
To detect the symbols in pD'), the MRC operation takes the form z") | () r , 
h 


* 


where (w”) is the complex conjugate of the m, x L, channel tap matrix Hw, and the 


final received symbols in noise and jamming interference are given by 














— pla pO. 
mye ca ae a pe (52) 
()) ()) ()) 
where Bl) =z") (") : on) , and j) ={ (") . Now, the dimension of 
|| nev [he'll || ne" || 


U" is 1x m,, which matches the original symbols sent in channel one. Without any noise 


. 1). 
and interference, the recovered vector uv") is 








0) 0) 
BU - 7) (1 p(n!) (1 = p") | hl \|1 =|| nl) | Dp”, (5.53) 


m xm, 


(1) 


where D*’, which is scaled by ||h|| is available for detection. To detect the symbols in Dp?) 


* 





(a") 
, the MRC operation takes the form z) Onn The final received symbols in noise and 
| 


jamming interference are given by 
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+j, 5.54 
yn | i eee 
(2) ) ( ay ( (2) ) 
H H H 
where BU = 2”) ( j ni?) = nF and i? = i? . Hence, the dimension of 
PnP? FP ny Pe | 


U") is 1xm,, which matches the original symbols sent in channel two. Without any 
noise and interference, the recovered vector u") is 


B= 20?) | 


D yn?) | =p”) | h”) \| 1 








=n Dp), (5.55) 


mM, xm, 


where D”), which is scaled by yn?) |, is available for detection. Continuing from 


equation (5.51), we see that the recovered vector is given by 
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1 | atAD? + 12h, De - nh D? + h'n,D”) 1 | DE'(Ajh, + Hh) 
yn] DM +H ADE) +A, DE—A ADE) | Ih") DP (a4, +454.) 
Wh De) + Wh, D”) — Wh DY) + Wh DY) DP (hyh, + hh) 
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E. NOISE AND INTERFERENCE POWER CALCULATIONS FOR MULTI- 
RATE CHANNELS 


From the symbol recovery of channel one given in equation (4.13), (4.14) and 
(4.16), we know that the covariances of noise and jamming are the same as that of the 
fixed data rate in Chapter V, Section C. It is our interest to find the covariances of the 
noise and jamming for the higher data rate transmission of channel two, where the PN 
spreading gain for each symbol is affected by the concatenation during symbol recovery. 
In this case the spreading gain is N / 2' = N/2. Thus, we note that the spreading factor of 


a symbol of channel two is now N/2. Recall that after symbol recovery, the received 


(2) 


~(2) An 
measurement is (5.48). We need to find the covariances of n= 29" ie and 








H2) 
(2) 
i? = ow j,. We also need to find the covariances of the MRC output n) = al ’ 
h 
0))" 
and i? = yall 
ee ne 
1. Receiver Noise 
6). Ke ; : nae 
If n,)=2w ns, then its covariance is given by 
i 
cov(n\,)) = E|(n!) n| (5.57) 


by 
* * * * * 
C,n Ei a Cn Cc nN c nN 
pike oi ne (4+) (£1) (4+) (E+): 
2 2 2 E 
* * * * * 
Ciht. C,H. CN. Cc nN c nN 
a 2 21 2:22 2.2L, N N 
Ns = (4] (Ze) ($2) (+2), (5.58) 
* * co * co 
Cyiy Cnn, Cnty, CyAyy as CyAur 
2 2 2 2 2 a 
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For notational convenience, we define the repeated 1x (Nv / 2) Walsh vector in (4.17) as 








ie w Ww, Wy 
pa 
(5.59) 
~ (2) (2) I 1 
ea E wh iF ie | wf «wl ] | 
1 b 
where N/2=bL=bM/2. The de-spread noise vector is 
cn cn CG. \n 
1 1°"12 Xu} (Se) 
nf) =20 a5= 2 | Ww WwW. Wy | ees “alo “(Ssa)"(4e)e 
lel 2 ee 
Ix— * * * 
CyMy  CyMy, Cy Muy, 
22 2 2 
Tx2L, (5.60) 
N t 
2 wc n., 
a-l @aa 
NN 
See pS ae ae 
ll || 





where n?) isa 1x 2L, vector. Its Hermitian, which is a 2L, x1 vector, is given by 
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"1 21%2 NON 
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lle || 
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alee gee 
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The covariance is 
i 
cov( )) =e] (n?) nf | 
[ ] (5.62) 
y N 
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pes 1 naa ae a oe a 
( Near, (4 )" ‘ | rf vo), ( +a), ( Na | 
Since the sampled receiver noise is AWGN, we know that 
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Elmer as: fotye! (5.63) 


N 
7 2 2 2 > 2 
and since that w=w,=::-w,=l, 52 52 werc.w, => 2 Ic | and 
dN, a=1 a=l|" @ 
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EeEin ies 


N 
Jie = » a a o .) |’. Thus, the covariance (5.62) reduces to 
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= 22 
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and 7 \e,P=D2 2a llell ay iance is simpl 
since, x2 Ie, ig = lw)! amr, € covariance is simply 
(3) 
cov(n!)) = 2071. (5.65) 
HW?) 
— Q) _ 0) Q) ; 
The MRC noise vector is given by n\’=n),)-—_,—, where H™”’ is a 2L,Xm, matrix. 


yn”? | 


Hence, the covariance of the MRC noise is given by 








«\t * 
) =e (nb) a? |=e wot”) (2) 








covin n 
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2. Barrage Jamming 


The complex interference sample for barrage noise jamming is distributed 


2 


oO 
according to CVV [o.0; St After the signal is received, the de-spread jamming 


(Nv / 2) x 2L, matrix ip for channel two is given as 




















CP) GP, “(xa)(Sap 
" CQ CQ, * Cy 
jes ae eee Xia)" (Seale, |. (5.67) 
CyPy, Cnn, CWP, 
2 2 2 
~(2)R 
Let i? = ow jg. then its covariance is given by 
(2)) _B] (421) a) 
cov|j, J=E| (J, } J,’ |- (5.68) 
The de-spread jamming vector is 
CP CP 12 ( ma P(e 
P= wi- 2! WoW, Wy ik ae ES Cn 
Ile | 2 , ; 
Ix Cy Pv, Cy Py, CyPwu, 
2 2 Dees 
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=e D2, ¥,0,P 20 
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where i?) isa 1x 2L, vector. Its Hermitian, which is a 2L, x1 vector, is given by 


\t_ (n~@e Foot f(~@y 
(i,’) - (2% is = 2i,( 
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The covariance is 


cov( i!) =E] (42) 1 (5.71) 




















rr - Te 
N N 
DR AL X26. 
a=l|'al-aoa 1 1 
N 
20 YY? 
Be |e D2 P26", 2 MEP ra 
lle | : lle | 
N 
Y29 w 2we. @ 
1 (4+ \: [4+] i el (S } (+0): 
2 2 2 2 
L 2L,xl 1x21, 


MON MON 
2 >? E| wc; “c.™, | 12 y? YY? : ‘ 
>. b=l b Pri Par aoa a=l RE W,c Ny, P(e Pla 
2 1 





~jlelr 


N N N N 
2 ye. is . 5 y2 y2 : . 
4 YUE .9,.e22¢.™, | 2 2,E WAS vy (eae @..C,W, 
2 2 








uN _— YN ; ’ 
BEDE nein ny BEA ne A) A) Neg “ a 
Since the complex noise sample is AWGN, we know that 
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ae: uzade 8 
EL 9,01 |= yes (5.72) 
0, 


otherwise 


N N N 
: 2 2 2 ao * 3 2 
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3. Pulsed-Noise Jamming 
For pulsed-noise jamming in channel two, the complex interference sample is 


2 


oO 
0Se After the signal is received, the pulsed-noise 


distributed according to CV f 


jamming (NV / 2) x 2L, matrix is given as 


Vi Vin hans al}? (ar 
2 2 
~ | Ma GW Gy 
i= Kia)" (ea), |, (5.76) 
CyWn, on, CW uy, 
2 2 


If i? = are then its covariance is given by 
; 
cov(i;!)=E| (i) a (5.77) 


The de-spread jamming vector is 
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where i? 
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Since the complex noise sample is AWGN, we know that 
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p isan 1Xx2L, vector. Its Hermitian, which is a 2L, x1 vector, is given by 


(5.79) 
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pN | (5.81) 
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4. Tone Jamming 


Recall from (5.41) that the 
J=| i i, 
A 
i-| d, d, ?, -= e e 











interference 


prior to de-spreading is 


t 
iy ie and an arbitrary jamming interference j is given by 
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It can be shown that the tone vector is given by 


rc 4 


iia 


w, (ci, ~ jc, )(c086,, - jsin@,, ) 


M™M 


Tie 
= 


(c, ~ jc;,,)(c0s8,, - jsin@,, ) 
0" Tel 


x (5.87) 
ys we N = je N |= N — jsind HN 
{¥+a] of Xa] 1{ 24a] 1{ Sa] | 


a 








w, (c, cos@,, — Co, SiNO,, — jCg, C088, — jc;, sin8,,) 


M 
Tele 


OQ 


aN 
M 
Fxle 


, (c, cos6,, — Cy, SiN8,,, — jCy, C089, — JC;, sin@,, ) 








Ile || 
x : if . : 
Be ete tle Meee Mele | 
Note that c), =¢,.5 Cou = ou: Z| ¥, = o ¥, and a ¥, = “4 ¥,, . Since the chips are 


real constants of 1 and —1, w can be all ls, or even number of Is and — 1s. We assume 
that there is an even number of chips in the PN code since the Walsh sequences are 


always even. Furthermore, assume that the number of 1s outnumbers — 1s by @ such that 
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Note that if @=0, the tone jamming is completely nulled out. Thus, the covariance is 


given by 
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F. SUMMARY 


In this chapter, we discussed the procedure for complex spreading of MIMO 
signals with orthogonal covering for fixed and multi-rate data transmission. The OSTBC 
signals in Rayleigh fading, noise and interference as well as MRC operation were 
examined. The noise and jamming covariances calculations were covered in Section C 
and E for the fixed and multi-rate channels. For multi-rate channels, if the rate for 


channel two is 2’ times the rate of channel one, the variances are 2’ times that of 


channel one. This is a result of the reduced spreading factor N by 2' for each symbol. 


98 


THIS PAGE INTENTIONALLY LEFT BLANK 


99 


VI. NUMERICAL ANALYSIS 


We now use the general results derived from the previous sections in this chapter 
to derive the BER. The signal model is a 32QAM complex spreading MIMO system in 
Rayleigh fading with the three types of jamming. MRC is assumed in the receiver. The 


diversity gain for MIMO is L=LL_. Hence, to maintain a proper comparison, the 
symbol energy is adjusted depending on the number of transmit antennas and the rate of 


space-time code. Here, we use L,=2 and Alamouti code with code rate R = 1; thus, the 


symbol energy is multiplied by R/ L,= 1/2. 


A. SINR AND BER RESULTS FOR FIXED DATA RATE CHANNEL 


The BER results are reported using the results in Chapter V for a fixed data rate 


channel. 


1. BER for Rayleigh Fading with Diversity [1] 
When the sub-channel tap magnitudes |f,| are Rayleigh distributed with 
normalized mean-square value E(| h, P= 1, the combining channel tap magnitude has a 


V’-density function with 2Z degrees of freedom. In an L-fold diversity system, the 


diversity order is L=LL_, where L, and L, are the number of transmitter and receiver 


17 F2 


antennas. The bit error probability is given by [1] 
N. (1-p)e lth) 
P ze n 1-H by L-1+ I itl , (6. 1) 
log, M\ 2 = l 2 


where NV and M depends on the type of modulation and p is given by [1] 


aSNR 
= ,|—_—. 6.2 
B 1+aSNR 2) 
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The diversity signal-to-noise ratio is SNR and is a modulation-dependent parameter 


based on the minimum Euclidean distance of the I-Q signal set. Thus, @SNR is given by 


[1] 


2 
d. 
usr =3{ Se : (6.3) 
2\ 20 


where o is the standard deviation of noise. 
2. MQAM [1] 
The minimum Euclidean distance of MQAM is d.,, =,/6€, / (Mu - 1) , where €. is 


the diversity energy given by €, = E,/ L,. The average symbol energy is FE, = FE, log, M, 


and £, is the bit energy. The NV. for MQAM is given as VN =4— 4/ VM. 
3. BER for Barrage Jamming 


In 32QAM, there are M = 32 symbols, nN =4-4/JVmM =4-4/V32 and 


di, = 6€, / (M _ 1) = /6€, / 31. The noise variance is given in terms of spectral density 


as 0, =N,/2 and the jamming variance is 07 = J,/2. For received signal with noise 


and jamming, equation in (6.3) is modified to 


6€. 
d 31 6 
asunr = 1 a | ==| 431) + “a 
2\26,} 2] 20, 2 ag Note) 
p (6.4) 
15E, 15 





Not, 7 7 ae 
31 (Nor) 62L 2s. “f Jo 
2 A Ly N 


where SJNR is signal-to-jamming-noise ratio. In the despread system, the sample 
jamming variance which corresponds to the result in (5.25) is expressed as 
o./N=J,/2N, where J,=J,/N . Thus, p in (6.2) is given by 
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Hence, (6.5) is used in (6.1) to generate the BER results shown in Figures 20-22. 
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Figure 20. The BER for a MIMO (2X2) system with barrage jamming and without 
complex spreading are shown. 


The BER for MIMO (2x2) system with jamming and no spreading is shown in 


Figure 20. From the plot, the BER decreases as the jamming power increases, i.e., 


decreasing E, / J. The BER is nearly flats for E, / J, =0dB. 
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Probability of Bit Error 





0 5 10 15 20 20 


Figure 21. The BER for a MIMO (2x2) system with barrage jamming and complex 
spreading are shown. 


In Figure 21, the BER for MIMO (2x2) system with E, / J, =0dB are shown 


for various complex spreading factors N. The BER performance improves as JN is 


increased, which illustrates the positive effect of spreading against jamming. 


103 


——MIMO: 2X2 | 
—— MIMO: 2X3 f= 
—= MIMO: 2x4 | 


Probability of Bit Error 





Figure 22. The BER are shown for the following MIMO systems: 2x2, 23 and 
2x4 with barrage jamming. 


From Figure 22, we can see the improvement of BER performance as the number 


of receiver antennas increase. Here we use L,=2 and L, =2,3,4, and note the BER 


improvement as L, increases for E, ; N,>10dB. 


4. BER for Pulsed-Noise Jamming 


For pulsed-noise jamming, the sample jamming variance which corresponds to 
the result in (5.34) is expressed as o-/pN=J,/2pN, where J, =J,/ ON: Here we 


consider the case where the jamming power is much greater than the receiver noise, i.e., 
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(z,/%) >(E, /N,) - Thus, the BER is dominated by the jamming signal, and SJNR 


becomes signal-to-jamming ratio (SJR). Hence, the parameter {J simplifies to 


(6.6) 





Probability of Bit Error 





Figure 23. The BER for a SISO system with pulsed-noise jamming and without 
complex spreading are shown. 


In Figure 23, the BER curves versus E,/J, as function of increasing p for a 


single-input-single-output (SISO) system with pulsed jamming are shown. Again, it can 
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be seen that, without spreading, the probability of bit error is quite high in the presence of 


jamming. We can see that the BER worsens as p increases. 


Probability of Bit Error 











Figure 24. The BER for a SISO system with pulsed-noise jamming and complex 
spreading are shown. 


In Figure 24, we fix o=0.2 and vary the complex spreading for NV = 8, 16, 32, 


64. As expected, the BER improves as N increases. 
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Probability of Bit Error 














Figure 25. The BER for a MIMO (2X2) system with pulsed-noise jamming and 
increasing p are shown. 


In Figure 25, we note the BERs improve with a 2x2 diversity system. However, 


the BER worsens as p decreases, which is opposite of what is observed in Figure 23. 
Thus, a jammer with small p is more effective against a MIMO system in a Rayleigh 


fading environment for high signal-to-jamming ratios. 


107 


3. BER for Tone Jamming 


For tone jamming, the modulation-scaled SJNR is given’ by 


aSJNR = d. y (2)407 and the sample jamming variance which corresponds to the result 
in (5.40) is expressed as J, =a’ A? /4N . For 32QAM, 


1 6 1SE 
aSINR =— es b (6.7) 


2 N. oA?) N A 
31*4| 94%“ | oq | 049 
2” 4N ‘12 aN 





Recall that the bit energy is E, = A°N /2, where A is the carrier amplitude; thus, 


= (6.8) 
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Hence, U is given by 





1 1 
u= (6.9) 


- -1 -1 
+] 62L,|{ FE, A) a&@ 
Beebe tle el ane | ea 


The BER results are shown in Figures 26-28. Note that if @=0, the tone jamming is 


completely nulled out. Thus, we take the minimum value, a =2, to analyze the jamming 











performance. 
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Figure 26. The BER for a MIMO (2X2) system with tone jamming and without 
complex spreading are shown. 


In Figure 26, the BER curves versus E,/ N, as function of increasing 4, j A are 
shown for a MIMO (2X2) system without spreading. As expected, the BER worsens 


with increasing jammer power. At A, / A=0dB, the BER is almost constant, with only 
slight improvement at E,/N,>8dB. At 4, / A=10dB, the BER is completely constant 


for the whole E, / N, range presented despite using MIMO scheme. 
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Figure 27. The BER for a MIMO (2x2) system with tone jamming and complex 
spreading are shown. 


For Figure 27, we fix A, iy A=0dB and apply complex spreading. As expected, 


the BER improves as N increases. We note the significant improvement from N = 8 to N 


= 64. 
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Figure 28. |The BER are shown for the following MIMO systems: 2x2, 23 and 
2x4 with tone jamming. 


In Figure 28, we see the improvement of BER as the number of receiver antennas 


increase. Here we use L,=2 and L =2,3,4 and note the BER improvement as L, 


increases for E,/N, >15dB. 


B. SINR AND BER RESULTS FOR MULTI-RATE CHANNEL 


The BER are reported using the results in Chapter V for multi-rate channels. 
Here, we show the BER performance of channel two in Chapter V, Section E, where the 
PN spreading factor is N/2. From the results in Chapter V, it is clear that the BER with 


jamming is affected. 
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1. BER for Barrage Jamming 


The noise variance corresponding to the result in (5.65) is given by 20°, and the 


jamming variance which corresponds to the result in (5.74) is expressed as 


20° /N=J,/N, where J.=2J,/N. Thus, pL in (6.5) is modified to 
B 0 0 0 


(6.10) 








Hence, (6.10) is used in (6.1) to generate the BER. Here we will show the BER 
performance for a higher data rate in channel two and compare it with the fixed rate 


channel BER performance. 
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Figure 29. The BER for a MIMO (2x2) system with barrage jamming, complex 
spreading and R, = 2 are shown. 
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In Figure 29, the BER for channel two is shown. As expected, the BERs suffer 
considerable degradation compared to the fixed rate system whose BER results are shown 


in Figure 21. 
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Figure 30. The BER for a MIMO (2x2) system with barrage jamming, complex 
spreading and increasing R, are shown. 


The effect of increasing the transmission rate is shown in Figure 30. As expected, 


the BER degrades as the transmission rate increases. 


2. BER for Pulsed-Noise Jamming 


The jamming variance which corresponds to the result in (5.83) is expressed as 


207,/N . Thus, Lt in (6.6) is modified to 
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u= : = : (6.11) 
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Hence, (6.11) is used in (6.1) to generate the BER results. 
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Figure 31. The BER for a MIMO (2x2) system with pulsed-noise jamming 
(increasing p) and R, = 2 are shown. 


In Figure 31, the BER curves are shown for a 2X2 MIMO system with NV = 64 
and increasing p. It can be seen that the BER is degraded as compared to the BERs 


shown in Figure 25 since the transmission rate is doubled. 
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Figure 32. The BER for a MIMO (2X2) system with pulsed-noise jamming of 
p=0.5 and increasing R, are shown. 


In Figure 32, the BER curves are shown for p=0.5 as a function of increasing 
the transmission rate. As expected, the BERs degrade as the transmission rate increases. 


3. BER for Tone Jamming 


The jamming variance which corresponds to the result in (5.89) is expressed as 


ao’, /2N . Thus, f in (6.9) is modified to 


IIs 




















-1 -l -l -l 
62L E ? 124L \{ E : . 
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Hence, (6.12) is used in (6.1) to generate the BER results. 
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Figure 33. The BER for a MIMO (2x2) system with tone jamming, complex 
spreading and R, = 2 are shown. 


In Figure 33, the BER curves for channel two are shown. As expected the BERs 
suffer considerable degradation as compared to the fixed rate system whose 


corresponding BER curves are shown in Figure 27. 
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Figure 34. The BER for a MIMO (2X2) system with tone jamming, complex 
spreading and increasing R, are shown. 


In Figure 34, the BER curves are shown as a function of increasing transmission 


rate. As expected, the BERs degrade as the transmission rate increases. 


C. SUMMARY 


In this chapter, we discussed the BER performance of complex spreading MIMO 
system with orthogonal covering for fixed and multi-rate data transmission. The 
performance expression for 32QAM was derived with the use of MIMO and SS. While 
the use of MIMO and SS greatly improves the BER performances, it was shown that the 
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BER degrades as the transmission rate increases. This is due to the reduction of the 
spreading factor by a factor of 2’. Equivalently, the variances of both the noise and 


jamming are increased by 2’. 
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VII. SUMMARY, CONCLUSIONS AND FUTURE WORK 


A. SUMMARY 


The general signal model background and the techniques used in this thesis were 
discussed in Chapter II. The basic illustrations for signaling techniques, which were 
further discussed in detail in the later chapters, were provided. The types of jamming 


were also covered. 


The procedures for integrated spreading for fixed data rate channels were 
discussed in Chapter III. The use of repeated Walsh codes/vector is introduced. The PN 
spreading factor is chosen such that N = bM, hence, the Walsh vector is repeated b times 
to meet the common rate. The procedure for multiuser application that explains the 


orthogonal covering process were also covered. 


The procedure for multi-rate channels was presented in Chapter IV. The 
concatenation of Walsh vector was explained. The higher data rate channel is assigned a 
shorter Walsh code, and a lower data rate channel is assigned a longer Walsh code. 
Hence, to perform orthogonal covering, the Walsh vector in the higher data rate channel 
must be concatenated to meet the same chip rate as that of the lower data rate channel. It 


was also shown that the PN spreading factor N is reduced due to the concatenation; i.e., 


the effective spreading gain is N / 2. 


In Chapter V, the fading, noise and jamming interferences were discussed. The 
noise and jamming covariances were calculated for both fixed and multi-rate channels. It 
was shown that for the higher data rate channel, the variances of noise and jamming are 


also larger. 


In Chapter VI, the BER performances for both the fixed and multi-rate channels 
were presented. It was shown that the BER improves with the use of complex spreading 
and MIMO. It was also shown that the BER degrades as the data rate increases due to the 


reduction of the PN spreading gain. 
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B. CONCLUSIONS 


The main scope of this thesis was to model and analyze the performance of a 
complex spreading MIMO system with orthogonal covering in interference and fading. 
The integrated spreading and de-spreading of the MIMO signal was modeled using a 
discrete time formulation. The concepts to achieve the complex spread spectrum 


signaling with orthogonal covering for fixed and multi-rate channels were provided. 


The procedures for MIMO signal employing fixed and variable length orthogonal 
covering were shown using numerical examples. For multi-rate transmission, the 
concatenation of Walsh vectors is performed in order to achieve orthogonal covering to 
allow channeling of different data rates. The data rate factor has to be a power of two. For 
higher transmission rates, the PN spreading gain for each symbol is reduced by a factor of 
a power of two, depending on the data rate. This results in BER degradation for the 
higher data rate channels. The use of MIMO, complex spreading and orthogonal covering 


improve system performance for fading and interference over multi-rate channels. 


C. FUTURE WORK 


Future work may include forward error correction coding prior to Walsh 


encoding, complex spreading, and MIMO coding. 
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APPENDIX 


Received signal via Alamouti code for fixed and variable rate transmissions. 


Fixed Rate 


If D= | D1 | then the transmit signal via Alamouti coding is given by 


WwW 
= WS =—— 
lle ll 
wD, w¢,D, G, 
~ ~ (A.1) 
= w,c,D, w,c,D, Alamouti G = G, 
w,c,D, w, GD. G, 
where W is given in (3.5), and each sub matrix G, is expressed as 
1 w.c.D, wD, 
eel, - <2 a (A.2) 
lle | -w,c,D, wc, D, 


The Walsh chip w, Efwew, wy} is the ith diagonal element of W, where 


w ,j=1,2,---,N is given in (3.5). The sum of the channel-tap weighted code words for 


J 


each sub matrix is 


G channel G h 1 wcD, wD 
lel) -we'Dt wep? |} 4, 
” 2 (A.3) 
1 hw,c,D,+h,w,c,D, 


lle ll h,w,c,D, —h,w,c,D, 


and can be mapped into HX") where X") is the ith row of X by changing the second 


element of G,h into its complex conjugate. Thus, it can be expressed in the form 


122 


h h wceD 
: Ene eco |i, (A.4) 


Gp ox 3 
| c | h, —h, wc.D, 
It can be shown that 
ep reo h Ah, w,c,D, w,c,D, Wee DD, (A.5) 
IIe || h, h, w¢,D, w,c,D, w,¢,D, 
where X’ -| x x2) x) | . Hence, 
w,¢,D, w,¢D, 
1-1} wed, wed, fh hm | (A.6) 
lle || h, —h, 


Variable Rate 


D, OD, iF then the concatenated 


If the multi-rate channel symbol is D =| Di, i), 


transmit signal X via Alamouti coding is given by 


—_— Cc . 
IIc 

cw,D, c,w,D, G,, 

Ce wD, C. w,D, G,, (A.7) 

a 2? Alamouti a 
= 5 wer amoutl G= P: : 

Cc, WwW Cc, WwW 

Weer Fs ve Mag <4 ane 

2 
cyw,D, cyw,D, Gy, 


and each sub matrix G, ,»k =1,2 is expressed as 
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1 cw,D,  c,w,D, 


N 
ee * * nae * i=1,2, ae 
Ile || —c,w,D, c,w,D, 
43 ie (A.8) 
1 cw ,D, cw ,D, 
2 - ar SHINE 2g ead 
aT i ae aa i= ; lr Dey 
TEM OM gees 
2 2 


The sum of the channel-tap weighted code words for each sub matrix is 


G channel G = 1 Cc, wD, Cc, wD, h, 
: * Well] -ctw.p! efw.pt || A 
—c,w,D, ¢,w,D, 2 


1 he,w,D, +h,c,w,D, 


~ Tell on * x * 
ell] Ac’ wD’ —he*w,D: 


_ ; cw ,D, cw ,D, h, (A.9) 
cnannel a 2; 2 
G, t= IIc | oe D" ig D h 
—¢,w yD, ¢w ,D, D 
2 2 
; how ,D,+hew ,D, 
2 2 
= a i . t=—+1,—+2,---,N 
* * * * 
lle hc,w ,D,-he,w ,D, 2 
vere ry 


These sub-matrices can be mapped into Hx") by changing the second element of G, ,h 


into its complex conjugate. Thus, it can be expressed in the form 


G. A mapped Hx) = tal h, h, a i= 1,2,- : ms 
| lel] a a | cmp, 2 
‘ (A.10) 
G. wh mapped 5 HX) = a h, h, “ ara T= wv + i +2,:-,N 
G Ile || h, —h, C, wi-D, 2 2 
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ity : N Oy 4 . 
where x! 1) is the ith row of Mls as and x) is the ith row of 


X,i= St he N It can be shown that 


hh 
Gh X= Eta xe (way | 
fell ae Re ke = 
= a4 a . Ks A.ll 
ie Hh cw,D, c,w,D, Cy WyD, Cy WD, cyw,D, ( ) 
eee hl 1 2 a. 2 
ell] 2, -A; | cw, ¢ew,D, CyW,D, Cy w,D, cyw,D, 
> 2 —t1 De 
Hence, 
c,w,D, c,w,D, 
c, w,D, cy w,D, . 
xu = ae 2 cia hh, 
Samal A << ef A.12 
lel] ¢, wD, ¢, wD, h, —h, ( ) 
—+ rae 
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